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Modified neuroimmune processes 
and emotional behaviour in 
weaned and late adolescent male 
and female mice born via caesarean 
section
Mathieu Di Miceli1,2,3,6, Moïra Rossitto1,6, Maud Martinat1,6, Flore Marchaland1, 
Sarah Kharbouche1, Marion Graland1, Farah Younes1, Alexandra Séré1, Agnès Aubert1, 
Lydia Rabbaa Khabbaz4, Charlotte Madore1, Jean-Christophe Delpech1, Rebeca Martín5 & 
Sophie Layé1

Elective and emergency Caesarean section (C-section) procedures are on the rise, exceeding the 
recommended guidelines by the World Health Organization. Higher morbidities and long-term health 
conditions are correlated to C-section deliveries, including neurodevelopmental disorders. During 
C-section delivery, newborns are not exposed to the vaginal commensal flora, which impedes the early 
establishment of the gut microbiota. The latter is essential for adequate neuro-immune processes to 
take place during infancy. In this study, we used a validated model of mice born by C-section (CSD), 
which mimics clinical observations of dysregulated gut microbiota. Animals were either born naturally 
or by CSD, before being adopted by dams who underwent delivery within the 12 preceding hours. 
Behavioural analyses were conducted at post-natal day (PND) 21 and 55. Our results indicate that 
animals born by C-section present significantly higher body weight in late (PND40-P53) but not early 
adolescence (PND21-P27), compared to animals born by vaginal delivery (VD). Male animals delivered 
by C-section presented significantly lower exploration time of the novel arm in the Y Maze test at 
PND55. However, at PND21, abnormal social interaction was witnessed in male and female animals 
born by CSD, with significantly decreased time spent interacting during the social interaction test. At 
both PND21 and PND55, animals from both sexes born by C-section presented significantly decreased 
time spent in the open arm of the Elevated Plus Maze test, compared to control animals. We then 
measured the expression of genes associated to neuroimmune interactions (microglia phenotype), 
inflammatory mediators and lipids in several brain structures of VD and CSD mice at PND21 and 
PND55. At weaning, animals born by CSD presented altered microglia, inflammatory and lipid 
metabolism signatures, with increased expression of Cd36, Csf1r and Tnfα in different brain regions of 
males, but not in females. At PND64, Csf1r, Tmem119 as well as C3ar1 were significantly increased in 
males born by C-section, but not in females. In males born by vaginal delivery, the expression of Cd36 
at PND64 was correlated to anxiety at PND55, whilst a correlation between the expression of Clec7a 
and the number of head dippings in the elevated plus maze was also noted in males born by CSD. 
Altogether, our study shows altered emotional behaviour in animals delivered by CSD, which is likely 
explained by underlying neuro-inflammatory processes in different brain regions. Our work further 
supports the long-term consequences of CSD on brain health.

Keywords C-section, Birth delivery mode, Inflammation, Behaviour, Sociability, Microglia, 
Neuroinflammation, Lipids
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ASD  Autism spectrum disorder
CSD  C-section delivery
E  Embryonic day
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The global number of infants delivered by Caesarean-section (C-section) has significantly risen in recent 
years, surpassing the World Health Organization’s recommended guidelines of 10–15% in many countries1,2. 
Such an increased rate is particularly worrying as C-section delivery (CSD), which is a standard childbirth 
surgical procedure for pregnant women unable to naturally deliver3, has been associated with a higher risk 
of neonatal morbidity and long-term health conditions such as type 1 diabetes4,5 or obesity6,7. In addition, 
neurodevelopmental disorders (NDDs), such as autism spectrum disorder (ASD), are at higher frequency in 
children born by CSD8,9, which can be worsened by general anaesthesia and could be dependent of sex10. Thus, 
CSD may impact post-natal brain development in a sex-dependent manner, however the underlying molecular 
mechanisms are still poorly known.

Recent data revealed that the alteration of gut microbiota vertical transmission induced by CSD could be 
involved in the associated increased risk of developing NDDs in later life11–13. Indeed, perinatal exposure to 
maternal microbiota is essential for optimal timing of development, including of the immune system and of the 
brain14. Moreover, gut microbiota maturation aligns with this critical window of early brain development during 
the first 2–3 years of postnatal life15,16. A lack of maternal microbiota transmission to progeny, as observed in 
germ-free mice, has been repeatedly reported to alter brain development17,18 and impact offspring long-term 
health and behaviour19–22.

During brain development, microglia cells, the resident macrophages of the brain, highly contribute to brain 
shaping and synaptic pruning23,24. Microglia molecular phenotype is in link with their functions during life25,26. 
In addition, microglia can be strongly influenced by any environmental and inflammatory insults, even during the 
gestational period, thereby altering their neurodevelopmental functions, which, in turn, alter neuronal network 
shaping and early and later life behaviour27–34. In addition, recent works pinpoint that microglia functions are 
also altered by microbiota composition. In germ-free mice, microglia display morphological and functional 
differences, accompanied by increased neuronal death, which can be normalized by microbiota transfer35–38.

Variations in the microbiomes of CSD babies compared to vaginally delivered (VD) infants have already 
been reported39,40. CSD babies display elevated levels of hospital associated opportunistic bacteria shortly 
after birth and, over time, exhibit a deficiency in typical gut microbes essential for immune health41. C-section 
murine models have been previously established42. In such models, microbiota diversities present similar 
alterations to those observed in human CSD newborns39,43. We and others recently found alterations in T 
cell and inflammatory responses in the CSD model43–45. In addition, mice born by CSD also exhibit various 
neurobiological and behavioural traits akin to those observed in infants born by CSD Furthermore, CSD 
mice also exhibit various neurobiological and behavioural traits akin to those observed in infants delivered by 
C-section46,47. However, the impact of C-section on the trajectory of emotional and cognitive behaviours and 
neuroinflammatory parameters and whether this is affected in a sex-dependent manner is still poorly known. 
In the current study, we used the previously-developed CSD model43 to assess emotional and social behaviours 
and spatial memory of male and female mice at weaning and late adolescence. In addition, neuroinflammatory 
processes were evaluated in different brain areas associated with these behavioural parameters at weaning and 
late adolescence in male and female mice. Overall, our work reveals for the first time that C-section influences 
behavior and neuroinflammatory factors at weaning and late adolescence in a sex-dependent manner.

Methods
Animals, ethics and experimental design
Pregnant RjOrl:SWISS mice (CD1) were procured from Janvier (Le Genest Saint Isle, France) and were 
individually housed under specific pathogen-free (SPF) conditions at 21–22 °C within the animal facilities of 
the French National Research Institute for Agriculture, Food and Environment (IERP, INRAE Jouy-en-Josas, 
France). On gestational day 19, pregnant females underwent hysterectomy, and litters were transferred to 
mothers that had undergone vaginal delivery within the preceding 12 h (C-section Delivery, CSD group) as 
previously described43. Control mice were delivered vaginally (VD group) between gestational day 19 and 19.5. 

Scientific Reports |        (2024) 14:29807 2| https://doi.org/10.1038/s41598-024-80770-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


To mitigate potential biases, pregnant mice that delivered vaginally exchanged their litters. At 14 days of post-
natal life (PND), mothers and pups were sent to the NutriNeuro SPF animal house (INRAE Bordeaux, France). 
At weaning (PND 21), male and female offspring from CSD and VD groups were randomly separated and 
housed in groups of 6–9 in polycarbonate cages in a room air-conditioned (22 ± 1 °C) with a 12:12 light/dark 
cycle. Experiments were performed on 2 different cohorts of male and female mice (Fig. 1). The first cohort 
was randomly divided into two different groups: (i) mice born by VD (n = 11) or (ii) mice delivered through 
CSD (n = 7) in which biochemical analyses were performed at PND21 (Fig. 1A). The second cohort of mice 
was also divided into two different groups, similarly to the first cohort (VD (n = 18) and CSD (n = 18), Fig. 1B). 
In this cohort, two sets of behavioral assessments were performed, one at PND21, another at PND55, before 
biochemical analyses at PND64. The experimental procedures are illustrated in Fig. 1.

During all the experiments, mice had ad libitum access to water and food. Conventional mice were housed 
in specific pathogen-free (SPF) conditions. All experiments were conducted in accordance with the criteria 
outlined in the European Communities Council Directive 2010/63/EU for animal experiments. Ethical approvals 
were obtained from the French National Ethical Committee for the Care and Use of Animals (CEEA: Comité 
d'Ethique en Expérimentation Animale, approval numbers: APAFIS 2018061514419181 #15533 and APAFIS 
202001072155893 #23506). All experiments were approved by the French Ministry for Higher Education and 
Research (Ministère de l’Enseignement Supérieur et de la Recherche). The reporting in this manuscript was done 
in accordance with ARRIVE guidelines48.

Behavioral assessments
Behavioral tests were performed on CD and VSD mice at PND21 and PND55 during the light phase (between 
8:00 and 11:00 AM) as previously described33,49,50. A tracking system was used to analyze the different parameters 
for each test (SMART system; San Diego Instruments).

Social Interaction (SI) experiments involved assessing the animal’s ability to interact with an unfamiliar 
individual and were measured as previously described49,51. Mice were introduced into an open field (40 × 40 cm, 
20 cm deep) with a transparent Plexiglas box positioned in one corner and illuminated at 30 Lux. The area was 
delineated into interaction zones, comfort zones, and a safe zone. In the initial phase of the test, the Plexiglas box 
was vacant, allowing the mouse to explore the area for 5 min. Subsequently, in the second phase, an unfamiliar 
mouse was introduced into the Plexiglas box, and the test mouse was placed back in the center of the open 
area for an additional 5 min of exploration. The time spent in each area, as well as the distance covered, was 

Fig. 1. Experimental design of the current study. (A) The first cohort was randomly divided between E19-E21 
into two experimental groups: mice delivered naturally (vaginal delivery, reference group) or mice born by 
C-section delivery. Both males and females were used. At weaning (PND21), biochemical analyses were 
performed. Numbers on the right represent number of animals in each group. (B) The second cohort was 
performed as in (A), but several different analyses were performed: mice underwent behavioral assessments 
at PND21 (i) and PND55 (ii), followed by biochemical analyses at P64 (iii). Numbers on the right represent 
number of animals in each group. E: embryonic day, PND: post-natal day, VD: vaginal delivery, CSD: 
C-section delivery.
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meticulously recorded. Furthermore, the number of interactions was quantified when the test mouse made 
contact with the novel mouse through the Plexiglas box.

Anxiety-like behavior was assessed using the Elevated Plus Maze (EPM) task as previously described49,52. 
This apparatus comprised an elevated structure featuring two open arms and two “closed” arms enclosed by 
walls. Mice were positioned in the center of the maze, and both the distance covered and time spent in different 
areas were meticulously recorded over a 5-min period, under a brightness of 15 Lux. The recorded parameters 
included the time spent in the arms and the number of head dippings, where the mouse extended its head below 
the maze’s height.

Spatial recognition memory was assessed using the Y-maze test, as described previously33,53. The Y-maze 
apparatus consists of three arms (35 cm long and 10 cm deep), illuminated at 15 Lux, and is situated in a room 
with distinct visual cues. In the initial trial, mice explored two arms for 5  min. Following a 1-h inter-trial 
interval (ITI), mice then explored all three arms for another 5 min. The assignment of initial and new arms was 
randomized for each mouse. The analysis involved comparing the time spent in the familiar and new arms to 
determine whether the mice recognized the new arm.

Neuroimmune parameters
The expression of several markers characteristic of neuroinflammatory processes, such as proinflammatory 
cytokines (TNFα, IL-1β, IL-6), lipid metabolism and transport (Cd36, Alox12, Mfsd2a, Fabp5, Ephx2) as 
well as microglia phenotype (Itgam (Cd11b), Cx3cr1, Cx3cl1, P2ry12, Csf1r, Clec7a, Apoe, Tmem119, Trem2) 
(Supplementary Table S1) was assessed in the hippocampus (HC), prefrontal cortex (PFC) and striatum (Strm) 
by real-time PCR, as described previously33. Briefly, mice were first anesthetized with an intraperitoneal injection 
overdose of sodium pentobarbital at 400 mg/kg (100 µl/g). After absence of hind paw withdrawal reflex was 
observed, mice were then transcardially perfused with 10  ml of ice-cold phosphate-buffered saline solution 
(NaCl 137 mM, KCl 2.7 mM, Na2HPO4 8 mM, KH2PO4 2 mM, pH 7.4, 8 ml/min). Subsequently, mice were 
decapitated and brains were rapidly harvested and dissected out. Total RNA from brain structures was extracted 
using TRIzol reagent with chloroform (22,711.290, VWR) and isopropanol (20,880.320, VWR). RNA purity 
and concentration were assessed using a Nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, 
DE). Then, a total of 2 µg of RNA was reverse-transcribed into cDNA using Superscript III (Invitrogen, Life 
Technologies), recombinant DNAase I (Invitrogen, Life Technologies) and random primers according to the 
manufacturer’s protocol. Quantitative PCR was carried out on 384-well plates using LightCycler 480 Instrument 
II (Roche). We used LightCycler 480 Probes Master (Roche) for TaqMan technology, which used 10 µl of cDNA 
diluted 1:5 (20 ng/µl) and amplified by real-time PCR. We also used TB Green Premix Ex Taq II (Takara Bio) 
for SYBR Green technology, which used 10  µl of cDNA diluted 1:40 (2.5  ng/µl) and amplified by real-time 
PCR. Gene expression was normalized to beta-2-microglubulin (B2m), a housekeeping gene, using the delta-CT 
method (2−ΔΔCT). Primer sequences are detailed in Supplementary Table S2.

Data analysis
Data analysis and representation were performed in RStudio v 4.0.354 using base functions as well as functions 
included in the following packages: psy, corrplot, ggcorrplot, heatmap.plus, heatmap3, ggplot2, ggbiplot, Hmisc. 
These are available open-access at CRAN (Comprehensive R Archive Network): https://cran.r-project.org/.  T w o - 
w a y repeated measures analysis of variations (ANOVAs) were used when 1 variable depended upon 2 variables55, 
without assumption of sphericity. Following significant ANOVA, Šidák’s post-hoc tests were used56. Normality 
was assessed using Shapiro–Wilk tests57. To compare 2 groups, normally-distributed data were analyzed with 
Welch’s t-tests58, whilst Mann–Whitney U tests were used when data was not normally-distributed59. When data 
was paired and normally-distributed, paired t-tests were used whilst Wilcoxon tests were used when data was 
paired and non-normally-distributed60. A probability value below 0.05 (p < 0.05) was considered significant. 
Please refer to Supplementary Table S3 for additional information on data analysis. To analyze large-scale 
behavioral data, principal component analysis (PCA) was performed using scaled data, centered around median 
values. Data capture by the PCA analysis was assessed on the first two principal components. Since our large 
scale data involved experimental results in 28 variables (cohorts 1 and 2, presented in Supplementary Table S4), 
some limitations were thus introduced, often referred to as the ‘curse of dimensionality’61, although it was rather 
described as ‘a blessing’ more recently62. Pearson’s correlation coefficients were displayed on matrices and were 
calculated with pair-wise complete observations. Please refer to Supplementary Table S3 for statistical analyses 
and statistical results.

Results and discussion
Social impairments induced by CSD
We examined spatial memory and emotional behavior in mice delivered through VD or CSD at both weaning and 
late adolescence. Behavioral evaluations were consistently conducted within the same cohort of animals. Notably, 
male mice subjected to CSD exhibited increased body weight in late adolescence (Supplementary Fig. 1), consistent 
with previous findings63. However, such weight differences were not observed amongst female mice.

To delve into spatial memory, we employed the Y-maze test at PND21 and PND55 (Fig. 1). At weaning, none 
of the male mice, irrespective of delivery mode, demonstrated a significant discrimination between the novel 
and familiar arms, as indicated by the non-significant difference in time spent exploring these arms (Fig. 2A). 
Interestingly, at this stage, female CSD mice spent a significantly longer time in the novel arm compared to the 
familiar arm (Fig. 2A), but without changes in the number of entries (Fig. 2B). However, at PND55, both VD 
male and female mice spent more time exploring the novel arm than the familiar one (Fig. 2C,D), but this was 
not observed in the CSD groups. This suggests that VD mice, regardless of sex, exhibited intact spatial memory 
at PND55. In contrast, CSD appeared to impair spatial memory in both male and female mice.
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Next, we assessed social interaction in the different experimental groups under study (Fig. 3). At weaning, 
male and female VD mice displayed an interest for interacting with novel mice (Fig.  3A), assessed by a 
significant increased interaction time in the zone. However, CSD delivery impeded interaction, revealed by non-
significant changes in interaction time in both male and female animals (Fig. 3A), indicative of impairment of 
social behavior in these animals46,64. These results were partially paralleled by significant decrease of the total 
number of interactions performed with the novel mice in the interacting zone, but only for males (Fig. 3B). 
At late adolescence, male and female VD mice did not spend significantly more time interacting with a novel 
mouse (Fig. 3C). Only CSD female mice presented increased interaction time when novel mice were introduced 
(Fig. 3C). Furthermore, total number of interactions remained stable across all 4 groups (Fig. 3D). Overall, these 
results suggest that CSD can impair social behaviour at weaning, but only in male mice.

The Y-maze test was used as we previously found that it is a good proxy to measure the effect of environmental 
stress on spatial memory in juvenile and adult mice33,65–67. At weaning, male and female VD mice were not able 
to discriminate between the familiar and novel arms. The onset of spontaneous recognition memory in juvenile 
mice can vary greatly68. Of note, as all mice litters are fostered by mothers which had delivered vaginally43, 
this cannot explain the absence of spatial recognition in the Y-maze test. In children, normative development 
of the hippocampus, a key brain structure to spatial memory, is different according to sex69. Such differences 
have also been reported in mice, together with the maturation of synaptic plasticity70,71. Children born via CSD 
display a delayed white matter development with microstructural alterations early in life72,73, which is a risk for 
neurodevelopmental disorders74. Nonetheless, the weaning process is known to be stressful for juveniles and 
we cannot rule out whether behavioural scores we observed were impacted by the stress of weaning71,75. The 
effect of CSD on adult male memory has been previously reported76. However, some discrepancies exist in the 
literature, as another study reports that CSD mice have altered memory at adolescence, but not adulthood77. 
The effect of CSD on memory has been linked to microbiota alteration78, however the effect of stress has not 
been studied and the causal effect of CSD-induced microbiota alteration and memory impairment remain to be 
established. Additional experiments are therefore needed to explore this possibility.

Fig. 2. Behavioral assessments at PND21 and PND55 in the Y Maze. (A) Time spent in the familiar (fam) 
or novel (nov) arms at PND21. **p < 0.01, Welsh unpaired t-test. (B) Number of entries. (C, D) Similar 
assessments at PND55. *p < 0.05, Mann–Whitney test. M: males, F: females, VD: vaginal delivery, CSD: 
C-section delivery.
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Anxiety-like phenotypes induced by CSD
To further gathered insight on emotional behavior, we assessed anxiety-like behavior in male and female VD and 
CSD mice at weaning and late adolescence using the EPM test. The time spent by mice at weaning in the open 
arms of the EPM was significantly decreased in CSD mice, for both males and females (Fig. 4A). In addition, 
the total number of head dippings was significantly lower in CSD female mice as compared to VD female mice 
(Fig. 4B), an effect that was not observed in males. These observations were paralleled when measuring time 
spent in the closed arms (Fig. 4C). This suggests that CSD promotes anxiety-like phenotypes at weaning. At late 
adolescence, CSD mice presented significantly decreased time spent in the open arms, in both males and females 
(Fig. 4D), together with decreased number of head dippings, but only in males (Fig. 4E). There was no change 
in the time spent in the closed arms (Fig. 4F). Altogether, these results suggest that CSD induces anxiety-like 
behaviors that are present from weaning to later life.

Finally, we examined the global behavioral profiles of mice at weaning or late adolescence, using 28 different 
behavioral parameters (listed in Supplementary Table S4). At weaning, we observed that CSD induces a behavioral 
segregation in females only (Fig. 5A), as animals born by CSD clustered away from those born by VD when data 
was projected onto the first two first principal component axes (the two axes that accounted for the highest data 

Fig. 3. C-section delivery induces anxiety-like phenotypes. (A) Time spent in the interaction zone at PND21 
when a novel mouse (‘novel mice’) of the same sex is present ( +) or absent (−). *p < 0.05 and ***p < 0.001, 
versus absence of target, paired t-test. (B) Total number of interactions performed when the target mouse is 
present. *p < 0.05, versus M VD, Welch’s unpaired t-test. (C, D) Similar assessments at PND55. (C) *p < 0.05, 
versus absence of target, paired t-test. M: males, F: females, VD: vaginal delivery, CSD: C-section delivery.
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variability capture). At PND55, segregation of females by delivery mode was still observed (Fig. 5B), but to a 
lesser degree than at weaning. Overall, these observations suggest that females present anxiety phenotype when 
born by CSD, which might indicate that these mice could be at a higher risk to develop emotional behavior 
alterations, an effect that seems to persist during later life.

These results are aligned with previous observations in humans47,79 and rodents76, in which altered sociability 
is linked to CSD. However, sex differences have not been reported before. Using the elevated plus maze, we 
found that CSD mice spent less time exploring the open arm at weaning and late adolescence, regardless of sex, 
suggesting that overall CSD alters emotional behaviour towards an anxiety-like behaviour. Our observations 
are supported by previous work showing that emotional behaviour and stress axis are altered in adult male CSD 
mice77,78.

CSD-induced neuroinflammation
We then measured the expression of brain biomarkers of inflammation80, microglia phenotypes25 and 
lipid metabolism49,81 (Supplementary Table S1) in several brain structures at weaning (Fig.  6, cohort 1) and 
late adolescence (Fig. 7, cohort 2, which underwent behavioral analysis at PN21 and PND55 as presented in 
Fig. 1). These genes have been previously associated to memory and emotional behaviour impairment linked 
to environmental stress early in life30,33,81,82 and in neurodegenerative diseases25. Furthermore, they are also 
associated to memory performance31,33,83, anxiety-like behavior and social behavior associated to early-life 
environmental adversity triggered by stress82,84 or nutrition49,82,84. At weaning (PND21, Fig. 6A), a significant 
increase in mRNA gene expression of Cd36 was measured in the prefrontal cortex (PFC) of CSD males (Fig. 6B), 
but not females. Csf1r mRNA expression was also significantly enhanced in the striatum (Strm) of CSD males 
(Fig.  6C). Furthermore, in the striatum of male CSD mice, Tnfα (Fig.  6D), P2ry12 (Fig.  6E) and Tmem119 
(Fig. 6F) expressions were significantly increased. In females, no significant change in the expression of these five 
genes could be observed, although almost significant increases were observed for Cd36 in the PFC (p = 0.06) and 
Tmem119 in the striatum (p = 0.06). In contrast, significant increased expressions of Ephx2 (Fig. 6G) and Alox12 

Fig. 4. C-section delivery induces anxiety-like phenotypes. (A) Total time spent in the open arms during the 
elevated plus maze test at PND21. *p < 0.05 and ***p < 0.001, versus respective VD, paired t-tests. (B) Total 
number of head dippings. **p < 0.01, versus F VD, Welch’s unpaired t-test. (C) Time spent in the closed arms. 
**p < 0.01, versus F VD, Welch’s unpaired t-test. (D–F) Similar assessments at PND55. (D) *p < 0.05, versus 
respective VD, Welch’s unpaired t-test and Mann–Whitney test. (E) *p < 0.05, versus VD, Mann–Whitney test. 
M: males, F: females, VD: vaginal delivery, CSD: C-section delivery.
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Fig. 5. Segregation of mice based on behavioral results. Principal component analyses (PCA) were performed 
to test for clustering of animals based upon behavioral variables. (A) Successful clustering of females, but not 
males at weaning. Note that data variance capture by the two first components (1 and 2) was quite weak (39.9% 
and 45.2%, left and right graphs, respectively). (B) Weak clustering of females at late adolescence. Note that 
data variance capture by the two first components (1 and 2) was quite weak (43.7% and 37.4%, left and right 
graphs, respectively). M: males, F: females, VD: vaginal delivery, CSD: C-section delivery.
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Fig. 6. Metabolic shift induced by C-section delivery at weaning. Gene expression quantifications in different 
brain regions of mice: (A) Heatmaps of gene expression in the hippocampus, prefrontal cortex and striatum. 
(B) Cd36 in PFC, (C) Csf1r in Strm, (D) Tnfα in Strm, (E) P2ry12 in Strm, (F) Tmem119 in Strm, (G) Ephx2 in 
Strm, (H) Alox12 in Strm. Abbreviated gene names were used, please see Supplementary Table S1 for further 
details. PFC: prefrontal cortex, HC: hippocampus, Strm: striatum. M: males, F: females, VD: vaginal delivery, 
CSD: C-section delivery. *p < 0.05 and **p < 0.01, versus respective CSD, unpaired t-tests (except in D, Mann–
Whitney test).
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(Fig. 6H) were observed in females, an effect not observed in males. Overall, at weaning, microglia phenotype-
related gene expression seems to be altered in males by CSD, in a brain region-independent manner. On the 
contrary, at weaning lipid metabolism-related genes are mostly impacted in females born via C-section and in a 
brain region-dependent manner.

At late adolescence (Fig. 7A), significant increased expressions of Csf1r (Fig. 7B), Tmem119 (Fig. 7C) and 
C3ar1 (Fig. 7D) were measured in the PFC of male CSD mice, which were not observed in female animals. 
Furthermore, a decrease of IL-1β expression was observed in the hippocampi of female mice (Fig. 7E) after CSD, 
whilst, in males, a significant decrease of Itgam was observed (Fig. 7F), together with a significant increase of 
Tmem119 (Fig. 7G). A tendency of increased expression of Tmem119 was observed in females after CSD, but this 
did not reach statistical significance (p = 0.06, Fig. 7G). In both males and females, CSD decreased the expression 
of Cx3cr1 (Fig.  7H). Pparγ was found to be significantly decreased in female mice following CSD (Fig.  7I), 
whilst a significantly increased expression of Cd36 was found (Fig. 7J). The expression of both Pparγ and Cd36 
remained unaffected by CSD in males.

Interestingly, csfr1 and tmem119 expression was still higher at late adolescence, together with those of c3ar1, 
which is involved in microglia phagocytosis33. Overall, these data suggest that in male, CSD triggers homeostatic 
and phagocytic microglia profiles25,33. Our results pinpoint some differences between male and female as at 
weaning, only genes (alox12 and ephx2) related to the metabolism of oxylipins, which are polyunsaturated fatty 
acid (PUFA) derivatives with immune properties81, were upregulated in brain regions of female CSD mice. 
Changes in oxylipin profile could account for some alteration in brain wiring, as oxylipins have been shown 
to be key in microglia phagocytic activity of dendritic spines during brain development33. This effect seems 
to be transient as, at late adolescence, only cx3cr1 and cd36 mRNA expressions are respectively decreased and 
increased in the hippocampus of female CSD mice. Nevertheless, CSD is still affecting microglia-related genes at 
late adolescence. Whether the changes in immune and lipid metabolism gene expression in the brain is involved 
in behavioural impairment developed in CSD mice remains to be determined. To further get insight in the 
potential link between microglia profile and behavioural parameters, correlation analyses were performed and 

Fig. 7. Metabolic shift induced by C-section delivery at late adolescence. Gene expression quantifications in 
different brain regions of mice: (A) Heatmaps of gene expression in the hippocampus and prefrontal cortex. 
(B–D) Quantification in the PFC for Csf1r (B), Tmem119 (C) and C3ar1 (D). (E–J) Quantification in the HC 
for Il-1β (E), Itgam (F), Tmem119 (G), Cx3cr1 (H), Pparγ (I) and Cd36 (J). Abbreviated gene names were used, 
please see Supplementary Table S1 for further details. PFC: prefrontal cortex, HC: hippocampus. M: males, F: 
females, VD: vaginal delivery, CSD: C-section delivery. *p < 0.05 and **p < 0.01, versus respective VD, unpaired 
t-tests (except in (J), Mann–Whitney test).
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revealed that at late adolescence, il-1β, clec7a and alox12 mRNA expression in the prefrontal cortex and clec7a 
in the hippocampus positively correlate to time spent in arm, a hallmark of anxiety. On the contrary, mfsd2a 
in the hippocampus and the prefrontal cortex is negatively correlated to anxiety. Il-1β and lipoxygenase12 
(alox12) are involved in neuroinflammatory pathways, which are associated to stress response and anxiety81,85, 
while mfsd2a is a lysophosphatidylcholine co-transporter which is key to neurodevelopment and synapse 
maintenance86,87. The altered expression of these genes in several brain structures could indicate that CSD alters 
both lipid metabolism and neuroinflammatory pathways which are intricate66,88. Interestingly, clec7a is a marker 
of microglia associated to neurodegenerative diseases which also have a lipid metabolism signature25,89. In the 
developing brain, a subset of Arg1+ microglia with a high expression of clec7a and a low expression of homeostatic 
genes P2ry12 and Tmem119 have been identified as being phagocytic90. Whether the increased clec7a expression 
in the brain of CSD mice at weaning and late adolescence is a signature of an increase subset of phagocytic 
microglia remains to be determined. The maturation of microglia in the brain of CSD infants has been poorly 
addressed, however previous studies have revealed that CSD triggers gut barrier impairment and increase the 
susceptibility to inflammation43,91. We also report here a correlation between the expression of cd36 and social 
behaviour, with the former potentially acting as the main driving force for neurodevelopmental trajectories, 
or due to a metabolic shift. Indeed, links between behaviour, cd36 expression in the gut, the microbiota and 
inflammation were reported in previous studies92,93. CD36 has been reported as a potent marker of microglia 
phagocytic activity and is highly expressed in developing microglia94 . However, it is still unknown whether 
CSD-induced CD36 positive microglia is involved in social behaviour alteration.

Correlations between behaviour and neuroinflammation
Next, we studied whether a linear correlation between behavioural profiles at PND55 and brain biochemical 
properties at PND64 could be established. To address this, we calculated Pearson’s correlation coefficients between 
behavior and brain biochemistry at late adolescence for aggregated animals (Fig.  8). We found a significant 
correlation between the time spent in interaction and the expression of Cd36 in both the hippocampus and 
prefrontal cortex of all mice (Fig. 8). Indeed, a positive correlation emerged at PND55/PND64. Furthermore, 
Cx3cr1 mRNA expression was negatively correlated to the time spent by mice in the new arm of the Y Maze 
(Fig.  8). Finally, a positive correlation between the expression of Clec7a and the number of head dippings 
performed in the EPM was observed at late adolescence (Fig. 8). All of these observations are detailed in Fig. 9 for 
individual groups, thus providing evidence for a link between microglia and lipid metabolism gene expression 
and altered behaviour in CSD mice, although only 2 significant correlations are observed when focusing on 
individual experimental groups (Fig. 9).

Potential limitations
The number of animals used in each experimental groups of this study was heterogeneous, which was inherent 
to the proportion of sexes in the different cohorts (male versus female mice). Therefore, our results should be 
interpreted with caution, especially in the first cohort (PND21 animals). Whilst increasing the number of mice 
used in the present study would increase statistical power95–97, the number of animals used in research is strictly 
regulated and scrutinized by our local Ethics Committee and governmental bodies. We therefore decided to not 
generate additional litters, which is a potential limitation to our current observations.

In our second cohort (PND55/64 animals), the time between the first and second battery of behavioral tests 
could have influenced our subsequent biochemical analyses, as well as the repetition of these tests (at PND21 
and PND55; second cohort). However, this might have been limited by including control groups (VD mice) in 
our experimental protocols, whilst also ensuring that the handling and housing conditions remained exactly the 
same between VD and CSD mice, throughout our study.

Surprisingly, we also noted that control animals (VD mice) not always performed adequately in some 
behavioural tests, regarding of sex. Indeed, control animals did not behave expectedly in some experiments 
(location memory at PND21, social interaction at PND55). These observations may be explained by external 
variables which were outside of our control, even if our housing facilities are limiting the impact of extrinsic 
variables. Neurobiological adaptation to stress is characterized by the expression of genes characteristic of 
neuroinflammation in the absence of disease, infection, or injury and is referred to “parainflammation”98. This 
long-term effect of stress could be linked to the crosstalk between neurons, immune cells and microglia99,100. 
In addition, tasks involving memory are known to induce short-term proinflammatory gene expression in the 

Fig. 8. Correlations between behavior and biochemistry. Correlation matrices between behavioural scores at 
PND55 and gene expression at PND64 in the prefrontal cortex or hippocampus. Pearson’s coefficients. Crossed 
squares indicate non-significant coefficients.
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brain101, which is important for the retrieval performance102. In addition, parainflammation has a dual role in 
the brain101. In our experiments, both groups (VD and CSD) underwent the same behavioral and potential 
stressful experiences which could have influenced gene expression, highlighting that the delivery mode does 
indeed modify neuroimmune processes and emotional behaviour, with significant differences between VD and 
CSD mice.

In our experimental paradigm, we did not test whether some mice displayed dominant or submissive 
phenotypes after P21, which is a limitation to our current results. In fact, it is known that stress can greatly 
influence gene expression in the brain, especially genes related to neuroinflammation such as Il-6 and Il-
1β100. Furthermore, hierarchy during housing of male mice has been shown to affect gene expression in the 
hippocampus and hypothalamus103.

Finally, we also noted some variation in the gestational day in VD groups. Indeed, birth occurred between 
gestational day 19 and gestational day 21 for VD mice. This could have influence our results, although this was 
observed in all experimental VD subgroups. We also ensured that all mice were adopted by another mother, 
regardless of sex or mode of delivery, in an attempt to limit potential bias related to maternal behaviour.

Fig. 9. Correlations of interest. Correlations between expression of Cd36 at PND64 in the prefrontal cortex 
(A) or hippocampus (B) and the time spent in the interaction zone at PND55 when a target mouse is present. 
Correlations between expression of Cx3cr1 at PND64 in the prefrontal cortex (C) or hippocampus (D) and the 
time spent in the new arm at PND55. Correlations between expression of Clec7a at PND64 in the prefrontal 
cortex (E) or hippocampus (F) and the number of head dippings at PND55. R2 and p values are reported from 
Pearson’s correlation tests.
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Data availability
Data used in the present study is available at FigShare using the following link:  h t t p s : / / d o i . o r g / 1 0 . 6 0 8 4 / m 9 . fi  g s 
h a r e . 2 5 4 5 9 1 8 3 . v 1     .  

Received: 22 March 2024; Accepted: 21 November 2024

References
 1. Betran, A. P., Ye, J., Moller, A.-B., Souza, J. P. & Zhang, J. Trends and projections of caesarean section rates: Global and regional 

estimates. BMJ Glob. Health 6, e005671 (2021).
 2. Angolile, C. M., Max, B. L., Mushemba, J. & Mashauri, H. L. Global increased cesarean section rates and public health implications: 

A call to action. Health Sci. Rep. 6, e1274 (2023).
 3. Chen, H. & Tan, D. Cesarean section or natural childbirth? Cesarean birth may damage your health. Front. Psychol. 10, 351 

(2019).
 4. Cardwell, C. R. et al. Caesarean section is associated with an increased risk of childhood-onset type 1 diabetes mellitus: A meta-

analysis of observational studies. Diabetologia 51, 726–735 (2008).
 5. Vehik, K. & Dabelea, D. Why are C-section deliveries linked to childhood type 1 diabetes?. Diabetes 61, 36–37 (2012).
 6. Yuan, C. et al. Cesarean birth and risk of offspring obesity in childhood, adolescence and early adulthood. JAMA Pediatr. 170, 

e162385 (2016).
 7. Masukume, G. et al. The impact of caesarean section on the risk of childhood overweight and obesity: New evidence from a 

contemporary cohort study. Sci. Rep. 8, 15113 (2018).
 8. Curran, E. A. et al. Association between obstetric mode of delivery and autism spectrum disorder: A population-based sibling 

design study. JAMA Psychiatry 72, 935–942 (2015).
 9. Yip, B. H. K. et al. Caesarean section and risk of autism across gestational age: A multi-national cohort study of 5 million births. 

Int. J. Epidemiol. 46, 429–439 (2017).
 10. Bao, Y. et al. A retrospective analysis of maternal complications and newborn outcomes of general anesthesia for cesarean delivery 

in a single tertiary hospital in China. BMC Anesthesiol. 22, 208 (2022).
 11. Yoshida, T., Matsumura, K., Hatakeyama, T. & Inadera, H. Association between Cesarean section and neurodevelopmental 

disorders in a Japanese birth cohort: The Japan Environment and Children’s Study. BMC Pediatr. 23, 306 (2023).
 12. Zhang, T. et al. Association of cesarean delivery with risk of neurodevelopmental and psychiatric disorders in the offspring. JAMA 

Netw. Open 2, e1910236 (2019).
 13. Zhang, T. et al. Assessment of cesarean delivery and neurodevelopmental and psychiatric disorders in the children of a population-

based swedish birth cohort. JAMA Netw. Open 4, e210837 (2021).
 14. Jašarević, E. et al. The composition of human vaginal microbiota transferred at birth affects offspring health in a mouse model. 

Nat. Commun. 12, 6289 (2021).
 15. Diaz Heijtz, R. et al. Normal gut microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. U. S. A. 108, 

3047–3052 (2011).
 16. Diaz Heijtz, R. Fetal, neonatal, and infant microbiome: Perturbations and subsequent effects on brain development and behavior. 

Semin. Fetal. Neonatal Med. 21, 410–417 (2016).
 17. Lu, J. et al. Microbiota influence the development of the brain and behaviors in C57BL/6J mice. PLoS ONE 13, e0201829 (2018).
 18. Scott, G. A. et al. Disrupted neurogenesis in germ-free mice: Effects of age and sex. Front. Cell Dev. Biol. 8, 407 (2020).
 19. Örtqvist, A. K., Lundholm, C., Halfvarson, J., Ludvigsson, J. F. & Almqvist, C. Fetal and early life antibiotics exposure and very 

early onset inflammatory bowel disease: A population-based study. Gut 68, 218–225 (2019).
 20. Timm, S., Schlünssen, V., Olsen, J. & Ramlau-Hansen, C. H. Prenatal antibiotics and atopic dermatitis among 18-month-old 

children in the Danish National Birth Cohort. Clin. Exp. Allergy 47, 929–936 (2017).
 21. Nyangahu, D. D. et al. Disruption of maternal gut microbiota during gestation alters offspring microbiota and immunity. 

Microbiome 6, 124 (2018).
 22. Degroote, S., Hunting, D. J., Baccarelli, A. A. & Takser, L. Maternal gut and fetal brain connection: Increased anxiety and reduced 

social interactions in Wistar rat offspring following peri-conceptional antibiotic exposure. Prog. Neuropsychopharmacol. Biol. 
Psychiatry 71, 76–82 (2016).

 23. Paolicelli, R. C. et al. Synaptic pruning by microglia is necessary for normal brain development. Science 333, 1456–1458 (2011).
 24. Paolicelli, R. C. et al. Microglia states and nomenclature: A field at its crossroads. Neuron 110, 3458–3483 (2022).
 25. Krasemann, S. et al. The TREM2-APOE pathway drives the transcriptional phenotype of dysfunctional microglia in 

neurodegenerative diseases. Immunity 47, 566-581.e9 (2017).
 26. Butovsky, O. et al. Identification of a unique TGF-β-dependent molecular and functional signature in microglia. Nat. Neurosci. 

17, 131–143 (2014).
 27. Schafer, D. P. et al. Microglia sculpt postnatal neural circuits in an activity and complement-dependent manner. Neuron 74, 

691–705 (2012).
 28. Schafer, D. P. & Stevens, B. Microglia function in central nervous system development and plasticity. Cold Spring Harb. Perspect. 

Biol. 7, a020545 (2015).
 29. Faust, T. E., Gunner, G. & Schafer, D. P. Mechanisms governing activity-dependent synaptic pruning in the developing mammalian 

CNS. Nat. Rev. Neurosci. 22, 657–673 (2021).
 30. Madore, C. et al. Nutritional n-3 PUFAs deficiency during perinatal periods alters brain innate immune system and neuronal 

plasticity-associated genes. Brain. Behav. Immun. 41, 22–31 (2014).
 31. Delpech, J.-C. et al. Transgenic increase in n-3/n-6 fatty acid ratio protects against cognitive deficits induced by an immune 

challenge through decrease of neuroinflammation. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 40, 525–
536 (2015).

 32. Delpech, J.-C. et al. Early life stress perturbs the maturation of microglia in the developing hippocampus. Brain. Behav. Immun. 
57, 79–93 (2016).

 33. Madore, C. et al. Essential omega-3 fatty acids tune microglial phagocytosis of synaptic elements in the mouse developing brain. 
Nat. Commun. 11, 6133 (2020).

 34. Ikezu, S. et al. Inhibition of colony stimulating factor 1 receptor corrects maternal inflammation-induced microglial and synaptic 
dysfunction and behavioral abnormalities. Mol. Psychiatry 26, 1808–1831 (2021).

 35. Erny, D. et al. Host microbiota constantly control maturation and function of microglia in the CNS. Nat. Neurosci. 18, 965–977 
(2015).

 36. Castillo-Ruiz, A., Mosley, M., Jacobs, A. J., Hoffiz, Y. C. & Forger, N. G. Birth delivery mode alters perinatal cell death in the 
mouse brain. Proc. Natl. Acad. Sci. U. S. A. 115, 11826–11831 (2018).

 37. Thion, M. S. et al. Microbiome influences prenatal and adult microglia in a sex-specific manner. Cell 172, 500-516.e16 (2018).
 38. Huang, Y. et al. The gut microbiome modulates the transformation of microglial subtypes. Mol. Psychiatry 28, 1611–1621 (2023).

Scientific Reports |        (2024) 14:29807 13| https://doi.org/10.1038/s41598-024-80770-y

www.nature.com/scientificreports/

https://doi.org/10.6084/m9.figshare.25459183.v1
https://doi.org/10.6084/m9.figshare.25459183.v1
http://www.nature.com/scientificreports


 39. Bokulich, N. A. et al. Antibiotics, birth mode, and diet shape microbiome maturation during early life. Sci. Transl. Med. 8, 343ra82 
(2016).

 40. Shin, H. et al. The first microbial environment of infants born by C-section: The operating room microbes. Microbiome 3, 59 
(2015).

 41. Shao, Y. et al. Stunted microbiota and opportunistic pathogen colonization in caesarean-section birth. Nature 574, 117–121 
(2019).

 42. Cabré, S., Ratsika, A., Rea, K., Stanton, C. & Cryan, J. F. Animal models for assessing impact of C-section delivery on biological 
systems. Neurosci. Biobehav. Rev. 135, 104555 (2022).

 43. Barone, M. et al. Gut barrier-microbiota imbalances in early life lead to higher sensitivity to inflammation in a murine model of 
C-section delivery. Microbiome 11, 140 (2023).

 44. Ríos-Covian, D., Langella, P. & Martín, R. From short- to long-term effects of c-section delivery on microbiome establishment 
and host health. Microorganisms 9, 2122 (2021).

 45. Adams, S. H. et al. C-section increases cecal abundance of the archetypal bile acid and glucocorticoid modifying Lachnoclostridium 
[clostridium] scindens in mice. Physiol. Rep. 10, e15363 (2022).

 46. Morais, L. H. et al. Enduring behavioral effects induced by birth by caesarean section in the mouse. Curr. Biol. CB 30, 3761-3774.
e6 (2020).

 47. Dinan, T. G. et al. Altered stress responses in adults born by Caesarean section. Neurobiol. Stress 16, 100425 (2022).
 48. Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M. & Altman, D. G. Improving bioscience research reporting: The ARRIVE 

guidelines for reporting animal research. PLOS Biol. 8, e1000412 (2010).
 49. Di Miceli, M. et al. Dietary Long-chain n-3 polyunsaturated fatty acid supplementation alters electrophysiological properties in 

the nucleus accumbens and emotional behavior in naïve and chronically stressed mice. Int. J. Mol. Sci. 23, 6650 (2022).
 50. Martin, H. et al. Insulin modulates emotional behavior through a serotonin-dependent mechanism. Mol. Psychiatry  h t t p s : / / d o i . o 

r g / 1 0 . 1 0 3 8 / s 4 1 3 8 0 - 0 2 2 - 0 1 8 1 2 - 3     (2022).
 51. Bosch-Bouju, C., Larrieu, T., Linders, L., Manzoni, O. J. & Layé, S. Endocannabinoid-mediated plasticity in nucleus accumbens 

controls vulnerability to anxiety after social defeat stress. Cell Rep. 16, 1237–1242 (2016).
 52. Larrieu, T. et al. Nutritional omega-3 modulates neuronal morphology in the prefrontal cortex along with depression-related 

behaviour through corticosterone secretion. Transl. Psychiatry 4, e437 (2014).
 53. Delpech, J.-C. et al. Microglia in neuronal plasticity: Influence of stress. Neuropharmacology 96, 19–28 (2015).
 54. RStudio Team. RStudio: Integrated Development for R. (2020).
 55. Tang, P. The power function of the analysis of variance tests, with tables and illustrations of their use. Stat. Res. Mem. 2, 126–149 

(1938).
 56. Šidák, Z. Rectangular confidence regions for the means of multivariate normal distributions. J. Am. Stat. Assoc. 62, 626–633 

(1967).
 57. Shapiro, S. S. & Wilk, M. B. An analysis of variance test for normality (complete samples). Biometrika 52, 591–611 (1965).
 58. Moser, B. K. & Stevens, G. R. Homogeneity of variance in the two-sample means test. Am. Stat. 46, 19–21 (1992).
 59. Mann, H. B. & Whitney, D. R. On a test of whether one of two random variables is stochastically larger than the other. Ann. Math. 

Stat. 18, 50–60 (1947).
 60. Wilcoxon, F. Individual comparisons by ranking methods. Biom. Bull. 1, 80–83 (1945).
 61. Bellman, R. Dynamic Programming (Princeton University Press, 1957).
 62. Gorban, A. N. & Tyukin, I. Y. Blessing of dimensionality: Mathematical foundations of the statistical physics of data. Philos. Trans. 

R. Soc. A: Math. Phys. Eng. Sci. 376(2118), 20170237 (2018).
 63. Martinez, K. A. et al. Increased weight gain by C-section: Functional significance of the primordial microbiome. Sci. Adv. 3, 

eaao1874 (2017).
 64. Nagano, M. et al. Cesarean section delivery is a risk factor of autism-related behaviors in mice. Sci. Rep. 11, 8883 (2021).
 65. Dinel, A.-L. et al. Inflammation early in life is a vulnerability factor for emotional behavior at adolescence and for 

lipopolysaccharide-induced spatial memory and neurogenesis alteration at adulthood. J. Neuroinflammation 11, 155 (2014).
 66. Labrousse, V. F. et al. Dietary omega-3 deficiency exacerbates inflammation and reveals spatial memory deficits in mice exposed 

to lipopolysaccharide during gestation. Brain. Behav. Immun. 73, 427–440 (2018).
 67. Leyrolle, Q. et al. N-3 PUFA deficiency disrupts oligodendrocyte maturation and myelin integrity during brain development. Glia 

70, 50–70 (2022).
 68. Cruz-Sanchez, A. et al. Developmental onset distinguishes three types of spontaneous recognition memory in mice. Sci. Rep. 10, 

10612 (2020).
 69. Lynch, K. M., Shi, Y., Toga, A. W. & Clark, K. A. Hippocampal shape maturation in childhood and adolescence. Cereb. Cortex 

2019(29), 3651–3665 (2019).
 70. Wu, Y. C., Du, X., van den Buuse, M. & Hill, R. A. Sex differences in the adolescent developmental trajectory of parvalbumin 

interneurons in the hippocampus: A role for estradiol. Psychoneuroendocrinology 45, 167–178 (2014).
 71. Derks, N. A. V., Krugers, H. J., Hoogenraad, C. C., Joëls, M. & Sarabdjitsingh, R. A. Effects of early life stress on synaptic plasticity 

in the developing hippocampus of male and female rats. PloS One 11, e0164551 (2016).
 72. Deoni, S. C. et al. Cesarean delivery impacts infant brain development. AJNR Am. J. Neuroradiol. 40, 169–177 (2019).
 73. Bobba, P. S. et al. Early brain microstructural development among preterm infants requiring caesarean section versus those 

delivered vaginally. Sci. Rep. 13, 21514 (2023).
 74. Morin, C. et al. Preterm birth by cesarean section: The gut-brain axis, a key regulator of brain development. Dev. Neurosci.  h t t p s : 

/ / d o i . o r g / 1 0 . 1 1 5 9 / 0 0 0 5 3 4 1 2 4     (2023).
 75. Loi, M. et al. Effects of early-life stress on cognitive function and hippocampal structure in female rodents. Neuroscience 342, 

101–119 (2017).
 76. Morais, L. H. et al. Early-life oxytocin attenuates the social deficits induced by caesarean-section delivery in the mouse. 

Neuropsychopharmacology 46, 1958–1968 (2021).
 77. Huang, K. et al. Elective caesarean delivery and offspring’s cognitive impairment: Implications of methylation alteration in 

hippocampus glucocorticoid signaling genes. Brain Res. Bull. 144, 108–121 (2019).
 78. Morais, L. H., Schreiber, H. L. & Mazmanian, S. K. The gut microbiota–brain axis in behaviour and brain disorders. Nat. Rev. 

Microbiol. 19, 241–255 (2021).
 79. Ståhlberg, T. et al. Associations between delivery modes, birth outcomes and offspring anxiety disorders in a population-based 

birth cohort of children and adolescents. Front. Psychiatry 13, 917299 (2022).
 80. Layé, S., Parnet, P., Goujon, E. & Dantzer, R. Peripheral administration of lipopolysaccharide induces the expression of cytokine 

transcripts in the brain and pituitary of mice. Brain Res. Mol. Brain Res. 27, 157–162 (1994).
 81. Layé, S., Nadjar, A., Joffre, C. & Bazinet, R. P. Anti-inflammatory effects of omega-3 fatty acids in the brain: Physiological 

mechanisms and relevance to pharmacology. Pharmacol. Rev. 70, 12–38 (2018).
 82. Delpech, J.-C. et al. Dietary n-3 PUFAs deficiency increases vulnerability to inflammation-induced spatial memory impairment. 

Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 40, 2774–2787 (2015).
 83. Moranis, A. et al. Long term adequate n-3 polyunsaturated fatty acid diet protects from depressive-like behavior but not from 

working memory disruption and brain cytokine expression in aged mice. Brain. Behav. Immun. 26, 721–731 (2012).

Scientific Reports |        (2024) 14:29807 14| https://doi.org/10.1038/s41598-024-80770-y

www.nature.com/scientificreports/

https://doi.org/10.1038/s41380-022-01812-3
https://doi.org/10.1038/s41380-022-01812-3
https://doi.org/10.1159/000534124
https://doi.org/10.1159/000534124
http://www.nature.com/scientificreports


 84. Labrousse, V. F. et al. Short-term long chain omega3 diet protects from neuroinflammatory processes and memory impairment 
in aged mice. PloS One 7, e36861 (2012).

 85. Akiyama, S. et al. Chronic social defeat stress increases the amounts of 12-lipoxygenase lipid metabolites in the nucleus accumbens 
of stress-resilient mice. Sci. Rep. 12, 11385 (2022).

 86. Nguyen, L. N. et al. Mfsd2a is a transporter for the essential omega-3 fatty acid docosahexaenoic acid. Nature 509, 503–506 
(2014).

 87. Sengottuvel, V. et al. Deficiency in the omega-3 lysolipid transporter Mfsd2a leads to aberrant oligodendrocyte lineage 
development and hypomyelination. J. Clin. Invest. 133, e164118 (2023).

 88. Bazinet, R. P. & Layé, S. Polyunsaturated fatty acids and their metabolites in brain function and disease. Nat. Rev. Neurosci. 15, 
771–785 (2014).

 89. Keren-Shaul, H. et al. A unique microglia type associated with restricting development of alzheimer’s disease. Cell 169, 1276-
1290.e17 (2017).

 90. Stratoulias, V. et al. ARG1-expressing microglia show a distinct molecular signature and modulate postnatal development and 
function of the mouse brain. Nat. Neurosci. 26, 1008–1020 (2023).

 91. Morin, C. et al. C-section and systemic inflammation synergize to disrupt the neonatal gut microbiota and brain development in 
a model of prematurity. 2023.10.20.563256 Preprint at https://doi.org/10.1101/2023.10.20.563256 (2023).

 92. Petersen, C. et al. T cell–mediated regulation of the microbiota protects against obesity. Science 365, eaat9351 (2019).
 93. Bai, S. et al. CD36 deficiency affects depressive-like behaviors possibly by modifying gut microbiota and the inflammasome 

pathway in mice. Transl. Psychiatry 11, 1–13 (2021).
 94. Yaqubi, M. et al. Analysis of the microglia transcriptome across the human lifespan using single cell RNA sequencing. J. 

Neuroinflamm. 20, 132 (2023).
 95. Krzywinski, M. & Altman, N. Power and sample size. Nat. Methods 10, 1139–1140 (2013).
 96. Serdar, C. C., Cihan, M., Yücel, D. & Serdar, M. A. Sample size, power and effect size revisited: Simplified and practical approaches 

in pre-clinical, clinical and laboratory studies. Biochem. Med. 31, 010502 (2021).
 97. Lazic, S. E. Four simple ways to increase power without increasing the sample size. Lab. Anim. 52, 621–629 (2018).
 98. Woodburn, S. C., Bollinger, J. L. & Wohleb, E. S. The semantics of microglia activation: Neuroinflammation, homeostasis, and 

stress. J. Neuroinflamm. 18, 258 (2021).
 99. DiSabato, D. J., Quan, N. & Godbout, J. P. Neuroinflammation: The devil is in the details. J. Neurochem. 139(Suppl 2), 136–153 

(2016).
 100. Weber, M. D., Godbout, J. P. & Sheridan, J. F. Repeated social defeat, neuroinflammation, and behavior: Monocytes carry the 

signal. Neuropsychopharmacology 42, 46–61 (2017).
 101. Goshen, I. et al. A dual role for interleukin-1 in hippocampal-dependent memory processes. Psychoneuroendocrinology 32, 1106–

1115 (2007).
 102. Labrousse, V. F. et al. Impaired interleukin-1beta and c-Fos expression in the hippocampus is associated with a spatial memory 

deficit in P2X(7) receptor-deficient mice. PloS One 4, e6006 (2009).
 103. Horii, Y. et al. Hierarchy in the home cage affects behaviour and gene expression in group-housed C57BL/6 male mice. Sci. Rep. 

7, 6991 (2017).

Acknowledgements
The authors wish to thank the staff from the NutriNeuro animal housing facility and those from the Jouy-En-
Josas facility. The authors also wish to thank staff from the Centre d’IngénieRie ComportementalE on Bordeaux’s 
Neurocampus (CIRCE). We wish to thank the staff of the INRAE Infectiology of Fishes and Rodents Facility 
(IERP-UE907, Jouy-en-Josas Research Center, France). The IERP Facility belongs to the National Distributed 
Research Infrastructure for the Control of Animal and Zoonotic Emerging Infectious Diseases through an In 
Vivo Investigation.

Author contributions
S.L. designed the study. M.R., M.M., F.M., M.G., F.Y., A.S., A.A. performed the experimental work. M.D.M., 
M.R., S.K., C.M., J.C.D. and S.L. analysed the experimental results. M.D.M. curated the data and performed the 
statistical analysis and created the figures. S.L. and M.D.M. drafted the paper. R.M., C.M. and J.C.D. corrected 
the manuscript. All the authors have accepted the final version of the manuscript.

Funding
INRAE AlimH and MICA Action Prioritaire NutriDelivery (to SL and RM), Fondation pour la Recherche sur le 
Cerveau CONNECT (to SL), CHESS Région Nouvelle Aquitaine ExoMarquAge (13059720–13062120 to SL and 
JCD) and AUTISME (2019-1R3M08 to SL), ANR SOLID (ANR-21-JPW2-0004-05 to SL), Fondation pour la 
Recherche Médicale (FDT202204014903 to MM; PRINSS DEQ 20170336724 to SL; ARF201909009101 to CM), 
Grand Projet de Recherche (GPR) NeuroFood, INRAE PAF14_OMine (to CM).

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval
All experiments were conducted in accordance with the criteria outlined in the European Communities 
Council Directive 2010/63/EU for animal experiments. Ethical approvals were obtained from the national 
ethical committee for the care and use of animals (Approval numbers: APAFIS 2018061514419181 #15533 and 
APAFIS 202001072155893 #23506).

Additional information
Supplementary Information The online version contains supplementary material available at  h t t p s : / / d o i . o r g / 1 
0 . 1 0 3 8 / s 4 1 5 9 8 - 0 2 4 - 8 0 7 7 0 - y     .  

Scientific Reports |        (2024) 14:29807 15| https://doi.org/10.1038/s41598-024-80770-y

www.nature.com/scientificreports/

https://doi.org/10.1101/2023.10.20.563256
https://doi.org/10.1038/s41598-024-80770-y
https://doi.org/10.1038/s41598-024-80770-y
http://www.nature.com/scientificreports


Correspondence and requests for materials should be addressed to M.D.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024 

Scientific Reports |        (2024) 14:29807 16| https://doi.org/10.1038/s41598-024-80770-y

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	dmd.pdf
	s41598-024-80770-y (1).pdf
	Modified neuroimmune processes and emotional behaviour in weaned and late adolescent male and female mice born via caesarean section
	Methods
	Animals, ethics and experimental design
	Behavioral assessments
	Neuroimmune parameters
	Data analysis

	Results and discussion
	Social impairments induced by CSD
	Anxiety-like phenotypes induced by CSD
	CSD-induced neuroinflammation
	Correlations between behaviour and neuroinflammation
	Potential limitations

	References



