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Abstract 1 

Compelling evidence links enteric microbes to brain function and behavior. Galacto-2 

oligosaccharide prebiotics have been shown to modulate the composition of gut flora and induce 3 

metabolic, neurochemical, and behavioral changes in adult rodents. Despite the brain being most 4 

susceptible to environmental factors, such as nutrients and toxins, during the earliest stages of 5 

development, it is unknown whether maternal prebiotic supplementation during gestation and 6 

lactation influences the offspring gut microbiome, brain, or behavior. The aim of this study was to 7 

test whether maternal galacto-oligosaccharide intake during pregnancy and lactation alters the 8 

brain and behavior in naïve and endotoxin-challenged offspring. 9 

CD1 female mice received either normal drinking water or water supplemented with 10 

Bimuno® galacto-oligosaccharides (B-GOS) during gestation and suckling. Offspring behavior 11 

was tested at weaning age or adulthood, and a cross-foster design was employed in a separate 12 

cohort to differentiate between effects of prenatal and postnatal maternal B-GOS intake. 13 

Lipopolysaccharide was also administered to pups at postnatal day 9 to determine whether 14 

maternal B-GOS influences the neurobiological and behavioral effects of a neonatal pro-15 

inflammatory challenge in adulthood. Fecal microbiome composition and metabolites were 16 

analyzed to explore potential relationships between the maternal microbiome, the offspring gut 17 

microbiome, and the offspring brain and behavior. 18 

Maternal B-GOS supplementation increased exploratory behavior and reduced expression 19 

of hippocampal glutamate receptor genes in young, weaning-age offspring. In addition, postnatal, 20 

but not prenatal, B-GOS supplementation increased fecal butyrate and propionate levels. Finally, 21 

in adult offspring, perinatal B-GOS intake increased cortical glutamate receptor subunits in 22 

females, increased social preference, and reduced anxiety. We provide novel and comprehensive 23 
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evidence for the influence of maternal prebiotic intake on offspring behavior, brain gene 1 

expression, and gut microbiome composition in mice. 2 

1 Introduction 3 

The gut microbiome is an important modulator of brain development and function (Heijtz 4 

et al., 2011; Kelly et al., 2016; Neufeld et al., 2011; Sudo et al., 2004). There is growing evidence 5 

for a relationship between the gut microbiome and the brain, via circulation of microbial 6 

metabolites, modulation of the immune system, and the direct gut-brain connection through the 7 

vagus nerve (Bercik et al., 2011; Rea et al., 2016; Stilling et al., 2016). Intake of prebiotic galacto-8 

oligosaccharides (GOS) has been shown to alter expression of N-methyl-D-aspartate receptor 9 

(NMDAR) subunits, brain-derived neurotrophic factor (BDNF), and serotonin receptors in adult 10 

mice, with corresponding changes in glutamatergic transmission and reduced anxiety- and passive 11 

stress-coping behavior (Burokas et al., 2017; Gronier et al., 2017; Mika et al., 2018; Savignac et 12 

al., 2013; Williams et al., 2016). In addition, GOS may have anti-inflammatory effects (Lecerf et 13 

al., 2012; Liu et al., 2016; Savignac et al., 2016; Vulevic et al., 2015, 2013). Bimuno® galacto-14 

oligosaccharide (B-GOS) fermentation produces metabolites including short-chain fatty acids 15 

(SCFAs) (Hopkins and Macfarlane, 2003) that likely contribute to beneficial effects on host health. 16 

Despite evidence demonstrating the advantages of prebiotic supplementation for host 17 

health, the relationship between maternal prebiotic intake and offspring brain biology and behavior 18 

remains unclear. Maternal diet or antimicrobial treatment has been shown to influence the brain 19 

and gut microbiome in progeny (Buffington et al., 2016; Tochitani et al., 2016). Therefore, 20 

prebiotic-induced changes in maternal microbiome composition, SCFA levels (Liu et al., 2016), 21 

or breastmilk composition (Kubota et al., 2014; Nikniaz et al., 2013) may also influence offspring 22 
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neurobehavioral and microbiome development (Ding and Schloss, 2014; Jašarević et al., 2017; 1 

Rogier et al., 2014; Thum et al., 2016). 2 

The aim of the current study was to test whether maternal B-GOS intake during pregnancy 3 

and lactation alters the brain and behavior in naïve and endotoxin-challenged offspring. Pregnant 4 

mice received B-GOS until pups reached weaning age. Offspring were subjected to tests of 5 

anxiety-like, passive stress-coping, and social behaviors. Some animals were administered 6 

lipopolysaccharide either 24 hours before behavioral tasks or neonatally to investigate if maternal 7 

prebiotic intake conveys anti-inflammatory effects to offspring. We also included a cross-fostering 8 

paradigm to differentiate between influences of prenatal and postnatal maternal prebiotic intake 9 

on offspring behavior. Brain tissues from offspring were collected for gene expression analysis, 10 

and fecal samples were processed to measure differences in gut bacterial communities and 11 

metabolic profiles.  12 

2 Materials and methods 13 

Detailed methods can be found in the Supplementary material. 14 

2.1 Animals 15 

All experiments were carried out with local ethical approval and a UK Home Office license 16 

granted under the Animals (Scientific Procedures) Act (1986). Female (28–30 g) and male (30–32 17 

g) CD1 mice (Charles River, UK) were housed under normal laboratory conditions (12-h light-18 

dark cycle, lights on at 7 a.m., 21 ± 1 °C, humidity 50 ± 5%). The experimental unit was one mouse 19 

offspring, although litter effects were accounted for in the linear mixed-effects analysis. Group 20 

assignment and the order of testing and sample processing were randomized using the “Randomize 21 

range” function in Google Sheets. Experimental design and schematic diagrams were created with 22 

BioRender.com. 23 
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2.2 Experimental design 1 

This study explored the effects of maternal B-GOS supplementation on behavior, brain 2 

gene expression, and the gut microbiome in young, weaning-age offspring and adult progeny. 3 

2.2.1 Cohort A: young offspring 4 

The experimental design for Cohort A is summarized in Fig. 1A. At E1, dams were 5 

randomly assigned to receive either standard drinking water provided by the animal facility (H2O, 6 

five dams) or water supplemented with 1.5 mg/mL prebiotic (B-GOS, three dams). Prebiotic 7 

supplementation continued through gestation and suckling. Between P22–P27, pups received one 8 

intraperitoneal (I.P.) injection of saline or 1 mg/kg lipopolysaccharide (LPS). The open field test 9 

(OFT), light-dark box (LDB), and forced swim test (FST) were performed 24 hours later in that 10 

order. All tests were performed on the same day. After the FST, mice were culled, and the 11 

prefrontal cortex (PFC) and hippocampus were dissected from brains for qPCR (tumor necrosis 12 

factor [TNF]-α, GluNR1, GluNR2A, GluNR2B, BDNF, and 5-hydroxytryptamine [5-HT2A)). 13 

These genes were selected based on previous studies that reported expression changes in adult 14 

rodents after GOS intake (Burokas et al., 2017; Gronier et al., 2017; Mika et al., 2018; Savignac 15 

et al., 2013; Williams et al., 2016). Fecal DNA was extracted for 16S ribosomal RNA (rRNA) 16 

sequencing from offspring (N = 10–11 males and N = 10–11 females; N = 20–22 total/group).  17 

2.2.2 Cohort B: young cross-fostered offspring 18 

The experimental design for Cohort B is summarized in Fig. 1B. A cross-fostering design 19 

was employed to differentiate between effects of prenatal and postnatal maternal B-GOS intake 20 

on offspring behavior and fecal metabolites. Maternal B-GOS feeding continued through gestation 21 

and pregnancy as in Cohort A. Shortly after birth, however, half of the litters were cross-fostered 22 

to a dam of the opposite treatment. All pups in each litter were cross-fostered to the new dam. This 23 
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resulted in four groups: pups that were born to and suckled by an H2O control dam (pre H2O/post 1 

H2O); pups born to an H2O dam and suckled by a B-GOS-fed dam (pre H2O/post B-GOS); pups 2 

born to a B-GOS dam and suckled by an H2O dam (pre B-GOS/post H2O); and pups born to and 3 

suckled by a B-GOS dam (pre B-GOS/post B-GOS). Each group comprised three litters. The OFT 4 

and LDB were then performed between P22–P23 (N = 16 males and N = 16 females; N = 32 5 

total/group), and plasma and fecal samples were collected for 1H NMR metabolomics after the 6 

LDB. The 1H NMR spectrum peaks of the most abundant SCFAS in the gut – acetate, butyrate, 7 

and propionate – were also identified and measured. Data from both sexes were combined for all 8 

metabolite analysis (N = 6 males and N = 6–8 females; N = 12–14 total/group). Fecal DNA was 9 

extracted for 16S sequencing and metabolite analysis from dams.  10 

2.2.3 Cohort C: adult offspring 11 

The experimental design for Cohort C is summarized in Fig. 1C. Five dams were randomly 12 

assigned to receive B-GOS during gestation, and six dams received standard drinking water. At 13 

postnatal day 9 (P9), pups received subcutaneous injection of saline or 3 mg/kg LPS based on 14 

previous studies showing brain and behavioral deficits in adulthood after P9 LPS (Li et al., 2018; 15 

Missig et al., 2018). Because maternal B-GOS was not expected to produce measurable changes 16 

in healthy adult offspring, the purpose of this challenge was to induce brain, behavioral, and 17 

metabolic deficits and determine whether perinatal B-GOS ameliorates these changes. 18 

At ~P22, pups were weaned onto normal drinking water and housed with same-sex 19 

littermates (2–5/cage). At ~P42, offspring were tested in the social interaction test (SIT). At ~P56, 20 

the OFT, LDB, and FST were performed. After the FST, the PFC and hippocampi were collected 21 

for qPCR analysis, and plasma and fecal samples were processed for 1H NMR. Fecal acetate, 22 

butyrate, and propionate concentrations were also measured by quantifying signal intensity at their 23 

respective 1H NMR spectral peaks. Data from both sexes were combined for all metabolite 24 
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analyses (N = 10 males, N = 10 females; N = 20 total/group). Fecal samples from dams were 1 

collected for 16S sequencing and metabolite analysis. Maternal care behavior, including latency 2 

to retrieve pups and home cage observations (Meaney, 2001), was assessed when pups were P2–3 

P4. 4 

 5 
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Fig. 1. Experimental design. Mating procedure and outcomes for each cohort: A) Cohort A included young offspring of B-GOS-fed or H2O control dams. Weaning-age pups 

were treated with saline or LPS and underwent behavioral tests, brain qPCR analysis, and 16S sequencing of the fecal samples. B) Cohort B included young cross-fostered 

offspring of B-GOS-fed or H2O control dams. Pups underwent behavioral testing and fecal/plasma 1H NMR metabolic profiling. C) Cohort C included adult offspring of B-GOS-

fed or H2O control dams. Pups were treated with saline or LPS at P9 and underwent behavioral testing, brain qPCR analysis, and fecal/plasma 1H NMR metabolic profiling in 

adulthood (P42–P56). 



9 
 

2.3 Statistical analysis  1 

Statistical tests were run in R 3.6.1 (R Foundation for Statistical Computing), and graphs 2 

were built in Prism 8.0.0 (Graphpad) and R. Grubbs’ test for outliers was applied before statistical 3 

analysis, and statistically significant outliers were excluded. Group numbers in figure captions 4 

signify the final numbers after removal of outliers. Linear mixed-effects analysis was used to 5 

assess effects of maternal diet, LPS, and sex in offspring. Litter effects were accounted for in the 6 

analysis as a random effect. If two- or three-way interactions with sex were found, two two-way 7 

tests for males and females separately were performed to interpret sex-specific effects of maternal 8 

diet or LPS treatment. Otherwise, if no significant interactions of any variable with sex were found, 9 

male and female data were consolidated to minimize the number of comparisons and simplify the 10 

interpretation. Tukey tests were used for post hoc group comparisons when a significant interaction 11 

was detected. 12 

Orthogonal partial-least squares discriminant analysis (OPLS-DA) was used to identify 13 

differences in “metabolic fingerprints” between groups. Ten-fold external cross validation with 14 

repetition coupled with permutation testing was used to validate the models as previously 15 

described (Jurynczyk et al., 2017). The accuracy of the OPLS-DA models was determined on 16 

independent test data (10% of dataset) and compared to the models’ performance in classifying 17 

randomly permuted data (accuracy ≈ 50%). Specific metabolites driving differences in metabolic 18 

profiles were identified using average variable importance in projection (VIP) scores. 19 

2.4 16S sequencing 20 

Fecal DNA was sequenced on Illumina MiSeq (V3 chemistry). Downstream processing 21 

was performed using dada2 (Callahan et al., 2016). We assessed the effects of maternal diet on 22 

the Chao1 measure of alpha diversity (number and distribution of amplicon sequence variants 23 
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[ASVs] in each sample) and the Bray-Curtis measure of beta diversity (how different each sample 1 

is from every other sample based on relative ASV abundances) using phyloseq in R (McMurdie 2 

and Holmes, 2013). Permutational multivariate analysis of variance (PERMANOVA) was used to 3 

explore differences in microbiome composition between groups. Finally, differentially abundant 4 

taxa were identified using DESeq in the R package deseq2 (Love et al., 2014) and mixed-effects 5 

analysis. 6 

3 Results 7 

3.1 Maternal B-GOS increases rearing in the OFT in all offspring and reduces anxiety-like 8 

behavior in males 9 

In the OFT, there were no two- or three-way interactions between sex and F0 diet or acute 10 

treatment in young offspring (Cohort A). Therefore, male and female data were consolidated for 11 

mixed-effects analysis. There was a main effect of maternal diet on the number of rearing events, 12 

indicating that maternal B-GOS increased rearing in the OFT in offspring compared to maternal 13 

H2O, F(1, 5.04) = 7.82, p = 0.04, but there was no effect of LPS injection (Fig. 2A). There was a 14 

main effect of LPS on distance traveled, however, indicating that the endotoxin reduced distance 15 

traveled in the OFT, F(1, 5.04) = 76.97, p = 0.002. F0 diet did not affect distance traveled (Fig. 16 

2B). Finally, there was an F0 diet x LPS effect on time in the center, F(1, 76.00) = 8.30, p = 0.005. 17 

Tukey post hoc tests, however, did not identify significant differences between groups to explain 18 

the interaction, but it was likely due to the slight increase in time in center in B-GOS/Saline pups 19 

that was blunted in B-GOS/LPS pups (predominantly in male offspring) (Fig. 2C). 20 

In the LDB, there were significant interaction effects with sex (LPS x sex, F[1, 74.82] = 21 

5.51, p = 0.02, F0 diet x LPS x sex, F[1, 74.82] = 12.12, p = 0.0008) as well as an effect of F0 diet, 22 
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F(1, 5.01] = 13.31, p = 0.01, on time spent in the light. Male and female data were then analyzed 1 

in separate two-way tests to interpret the differential effects of maternal diet and acute LPS on 2 

time spent in the light. In males, there was a significant F0 diet x LPS effect on time in light, F(1, 3 

33.28) = 5.61, p = 0.02, and a main effect of LPS, F(1, 33.28) = 8.10, p = 0.008. Tukey post hoc 4 

tests revealed that both B-GOS/Saline male offspring, t(7.84) = 3.35, p = 0.04, and H2O/LPS males, 5 

t(33.57) = 3.72, p = 0.004, spent significantly more time in the light than H2O/Saline males. There 6 

was also a significant F0 diet x LPS effect on time spent in the light in females, F(1, 37.80) = 7.29, 7 

p = 0.01. Although no post hoc comparisons were significant, LPS tended to reduce time in the 8 

light in female offspring of H2O dams and increase time in light in female offspring of B-GOS-9 

fed dams (Fig. 2D). Number of rears in the LDB followed a similar pattern to time spent in the 10 

light. There were LPS x sex, F(1, 75.00) = 7.20, p = 0.009, and F0 diet x treatment x sex, F(1, 11 

75.00) = 16.17, p = 0.0001, effects on rearing. In males, there was an F0 diet x acute treatment 12 

effect on rearing, F(1, 33.08) = 9.60, p = 0.004, and a main effect of acute treatment, F(1, 33.08) 13 

= 4.78, p = 0.04. According to post hoc tests, both B-GOS/Saline male offspring, t(7.54) = 4.11, p 14 

= 0.02, and H2O/LPS males, t(33.40) = 3.77, p = 0.003, exhibited more rearing behavior than 15 

H2O/Saline male offspring. In females, there was an F0 diet x LPS interaction, F(1, 36.56) = 7.59, 16 

p = 0.01. Tukey tests showed that H2O/LPS females reared less than H2O/Saline females, t(75) = 17 

–3.38, p = 0.02 (Fig. 2E). Overall, maternal B-GOS increased time in light and rears in male 18 

offspring but not in females. In addition, LPS reduced anxiety-like behavior in male offspring 24 19 

hours post injection, while it increased anxious behavior in females. 20 

There was an F0 diet x LPS x sex effect on entries into the light in the LDB, F(1, 73.62) = 21 

7.90, p = 0.006. This three-way interaction was driven by an F0 diet x acute treatment effect in 22 

male offspring, F(1, 33.07) = 5.88, p = 0.02, that was not present in females. Post hoc tests did not 23 
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identify significant group differences, but the interaction was due to differential effects of LPS on 1 

H2O male offspring compared to B-GOS male offspring (Fig. 2F). Similarly, there was an F0 diet 2 

x LPS x sex effect on latency to enter the light, F(1, 74.74) = 7.36, p = 0.008, as well as a main 3 

effect of sex, F(1, 74.99) = 5.10, p = 0.03. This was driven by an F0 diet x treatment interaction in 4 

males, F(1, 33.23)  = 5.34, p = 0.03, but not in female offspring. Post hoc tests showed that acute 5 

LPS reduced latency to enter the light in male H2O offspring, t(33.61) = –2.74, p = 0.04, but had 6 

no effect in male B-GOS offspring (Fig. 2G).  7 

In the FST, there was a significant main effect of LPS on increasing the time spent floating, 8 

F(1, 77.74) = 4.41, p = 0.04 (Fig. 2H). There were no effects of F0 diet, LPS, or sex on latency to 9 

float and no significant interactions (Fig. 2I).  10 

 Analysis of maternal care behavior (Fig. S5) showed that offspring behavioral changes 11 

were unlikely to be due the behavior of dams towards their pups, which was not affected by B-12 

GOS intake.13 
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Fig. 2. Effects of maternal B-GOS and acute LPS on behavior in young offspring. There were main effects of maternal diet and acute treatment on OFT rears: A) perinatal 

prebiotic intake increased rearing in offspring, while B) acute LPS reduced distance traveled (significance not indicated in graph). C) There was an F0 diet x acute treatment effect 

on time spent in the center of the open field, but no post hoc tests were significant. D) In the LDB, there was an F0 diet x LPS effect on time in light. Post hoc tests revealed that 

both B-GOS/Saline male offspring and H2O/LPS males spent significantly more time in the light than H2O/Saline males. There was also a significant F0 diet x LPS effect on time 



14 
 

spent in the light in females, but no post hoc tests were significant. E) There was an F0 diet x LPS effect on rearing in the light in males. According to post hoc tests, both B-

GOS/Saline male offspring and H2O/LPS males exhibited more rearing behavior than H2O/Saline male offspring. In females, there was an F0 diet x LPS interaction. Tukey tests 

showed that H2O/LPS females reared less than H2O/Saline females. F) There was an F0 diet x LPS effect in male but not female offspring on entries into the light. No post hoc 

tests were significant.  G) There was an F0 diet x LPS effect latency to enter the light in male but not female offspring. Post hoc tests showed that acute LPS reduced latency to 

enter the light in male H2O offspring. H) There was a main effect of LPS on time floating: LPS increased time floating, while maternal B-GOS had no effect. I) There were no 

changes in latency to float in the FST. Mixed-effects analysis, *p < 0.05, **p < 0.01. N = 10–11 males/females; N = 20–22 total/group. 



15 
 

3.2 Prenatal and postnatal maternal B-GOS increase exploratory rearing behavior in 

offspring 

In the OFT, analysis of main effects showed that both prenatal, F(1, 7.81) = 8.79, p = 0.02, 

and postnatal maternal B-GOS, F(1, 7.81) = 12.91, p = 0.007, increased rearing in Cohort B cross-

fostered offspring (Fig. 3A). There were no effects of prenatal or postnatal treatment on distance 

traveled (Fig. 3B) or time spent in the center (Fig. 3C). 

In the LDB, there were no significant main effects or prenatal x postnatal diet interactions. 

The effects of postnatal maternal B-GOS on anxiety-like behavior in the LDB did not reach 

significance, including time in light, F(1, 7.91) = 4.46, p = 0.07 (Fig. 3D), and rearing, F(1, 7.76) 

= 3.92, p = 0.08 (Fig. 3E). Neither prenatal nor postnatal B-GOS affected entries into the light 

(Fig. 3F) or latency to enter the light side (Fig. 3G) in offspring. 
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Fig. 3. Effects of prenatal and postnatal maternal B-GOS on behavior in cross-fostered young offspring. A) There were 

main effects of prenatal and postnatal diet on rearing, indicating that both prenatal and postnatal maternal B-GOS increased 

rearing in the OFT. There were no effects on B) distance traveled or C) time in center. There were trends towards main effects of 
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maternal diet in the LDB: D) maternal B-GOS tended to reduce time in light and E) increase rearing in the LDB in young 

offspring nursed by B-GOS-fed dams. There were no changes, however, in F) entries into the light or G) latency to enter the light 

side. Mixed-effects analysis, **p < 0.01. N = 15–16 males/females; N = 31–32 total/group.  
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3.3 Perinatal B-GOS reduces hippocampal NMDAR subunit expression in young 

offspring 

In Cohort A, there were main effects of maternal diet and LPS on offspring NMDAR 

subunit expression. Maternal B-GOS reduced expression of the hippocampal NMDAR subunits 

GluNR1, F(1, 4.82) = 10.59, p = 0.02 (Fig. 4A), GluNR2A, F(1, 4.16) = 8.46, p = 0.04 (Fig. 4B), 

and GluNR2B, F(1, 5.02) = 8.37, p = 0.03 (Fig. 4C). Acute LPS also reduced expression of these 

genes (GluNR1, F[1, 75.59] = 7.71, p = 0.007, GluNR2A, F[1, 75.28] =6.92, p = 0.01, and 

GluNR2B, F[1, 76.34] = 9.04, p = 0.004). In addition, LPS reduced expression of hippocampal 

BDNF in offspring, F(1, 76.52) = 17.70, p < 0.0001 (Fig. 4D). There were no effects of maternal 

B-GOS or acute LPS treatment on hippocampal 5-HT2A (Fig. 4E). There was an F0 diet x sex 

effect on hippocampal TNF-α expression, F(1, 70.99) = 4.28, p = 0.04, as well as a main effect of 

sex, F(1, 70.99) = 4.44, p = 0.04 (Fig. 4F). When male and female TNF-α expression data were 

analyzed separately, however, there were no interactions or effects of F0 diet or LPS. In addition, 

there were no changes in gene expression in the PFC (Fig. S6). 
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Fig. 4. Effects of maternal B-GOS and acute LPS on behavior in young offspring. There were main effects of maternal diet 

and acute treatment on NMDAR expression: both maternal B-GOS and acute LPS (significance not denoted in graph) reduced 

expression of A) GluNR1, B) GluNR2A, and C) GluNR2B. D) There was also a main effect of acute treatment on BDNF 
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expression, indicating that LPS reduced BDNF expression (significance not denoted in graph).  There were no changes in E) 5-

HT2A or F) TNF-α. Mixed-effects analysis, *p < 0.05. N = 10–11 males/females; N = 20–22 total/group. 
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3.4 Microbiome composition in offspring of B-GOS-fed dams differs significantly from 

control offspring 

Fecal DNA was extracted for 16S sequencing from F0 animals from Cohort B and C and 

F1 animals from Cohort A (Fig. S7). There were no differences in alpha diversity between B-

GOS-fed and control dams (Fig. S8A), and there was no effect of maternal diet on alpha diversity 

in offspring (Fig. S8B).  

Because there were no differences in beta diversity between male and female offspring, 

F(1, 38) = 1.49, R2 = 0.04, p = 0.12, offspring of both sexes were combined for analysis. The 

clearest separation in the principal coordinate analysis (PCoA) plots was between F0 dams and F1 

offspring, F(1, 60) = 8.29, R2 = 0.12, p = 0.001 (Fig. 5A). While there were no differences in beta 

diversity between H2O control and B-GOS-fed dams, F(1, 20) = 1.00, R2 = 0.05, p = 0.42, pups 

clustered by maternal diet, F(1, 38) = 3.80, R2 = 0.09, p = 0.001 (Fig. 5B), and litter, F(6, 33) = 

5.59, R2 = 0.50, p = 0.001 (Fig. 5C). Because of the nested design (litters nested within groups), 

R2 values in these tests represent the maximum variance explained by maternal diet or litter rather 

than the actual variance explained. 

3.5 Relative abundances of taxa in the Bacteroidetes and Actinobacteria phyla differ 

between control and B-GOS-fed mothers and their pups 

DEseq analysis resulted in 5 differentially abundant ASVs in dams (Fig. S9) and 20 ASVs 

in offspring. Mixed-effects analysis was then used to account for litter effects, and three significant 

ASVs associated with the following taxa were reduced in B-GOS offspring: the species 

Bacteroides caecimuris (Fig. 5D), the Barnesiella genus (Porphyromonadaceae family, Fig. 5E), 

and the Bifidobacterium genus (Fig. 5F). Because specific species of Bifidobacterium and 

Barnesiella could not be identified, relative abundances of total Bifidobacterium and Barnesiella 
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were compared between B-GOS and H2O pups; however, there were no significant differences 

between groups (Fig. S10).
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Fig. 5. Effects of maternal B-GOS on beta diversity and relative abundances. PCoA plots based on Bray-Curtis dissimilarity matrices showed that the following groups 

clustered based on microbiome composition: A) dams vs offspring, B) B-GOS vs H2O offspring, and C) litters. Three differentially abundant ASVs in B-GOS offspring compared 

to H2O pups were identified that were associated with D) the species Bacteroides caecimuris, E) the Barnesiella genus, and F) the Bifidobacterium genus. Each boxplot represents 

one ASV, and the lowest taxonomic level assigned by dada2 is indicated in the boxplot titles. Data points are colored by litter. F0.H2O = control H2O dams; F0.B-GOS = B-GOS-

fed dams; F1.H2O = H2O/Saline pups from Cohort A; F1.B-GOS = B-GOS/Saline pups from Cohort A. LPS-treated offspring were not included in 16S analysis. DESeq and 

mixed-effects analysis, *p < 0.05, N = 9–10 male/female offspring, N = 19–20 total/group. 
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3.6 B-GOS has no effects on maternal fecal metabolite profiles 1 

B-GOS had no effect on fecal metabolite profiles in dams (Fig. S11A). In addition, there 2 

were no effects of B-GOS intake on SCFA concentrations based on 1H NMR signal intensity: fecal 3 

acetate, t(19) = 1.86, p = 0.08 (Fig. S11B), butyrate, t(20) = 1.57, p = 0.13 (Fig. S11C), or 4 

propionate, t(20) = 1.09, p = 0.29 (Fig. S11D). 5 

3.7 Postnatal, but not prenatal, maternal prebiotic feeding alters offspring fecal 6 

metabolites 7 

According to the OPLS-DA analysis, the pre H2O/post H2O vs. pre B-GOS/post B-GOS 8 

(Fig. 6A) and pre H2O/post H2O vs. pre H2O/post B-GOS (Fig. 6B) models performed 9 

significantly better than chance, indicating an effect of postnatal maternal B-GOS intake on fecal 10 

metabolites in Cohort B offspring. The pre H2O/post H2O vs. pre B-GOS/post H2O model was not 11 

significant, however, suggesting that prenatal maternal B-GOS did not change offspring fecal 12 

metabolite profiles (Fig. 6C). Pre B-GOS/post H2O mice also had significantly different fecal 13 

metabolite profiles than pre H2O/post B-GOS mice (Fig. 6D). The detailed results of the OPLS-14 

DA analysis, including R2X, R2Y, and Q2 values, are summarized in Table S2. 15 

A heat map was used to visualize significantly different spectral bins and the corresponding 16 

metabolites (Fig. 7A). Fecal butyrate was elevated in pups that were suckled by a B-GOS-fed dam 17 

(pre H2O/post B-GOS and pre B-GOS/post B-GOS groups), while glucose and leucine/isoleucine 18 

signals were reduced in these animals compared to pre H2O/post H2O pups. Succinate levels were 19 

highest in pre B-GOS/post H2O pups. 20 

Based on our a priori hypothesis that maternal B-GOS would increase fecal SCFAs, we 21 

also performed mixed-effects analysis to determine the effects of prenatal and postnatal B-GOS 22 

on acetate, butyrate, and propionate signals in offspring fecal extracts. There was a main effect of 23 



26 
 

postnatal diet on the average integral of the butyrate region, F(1, 7.66) = 5.69, p = 0.04, indicating 1 

higher fecal butyrate concentrations in pups suckled by B-GOS-fed dams compared to pups nursed 2 

by controls (Fig. 7B). Similarly, postnatal maternal B-GOS increased fecal propionate levels, F(1, 3 

6.57) = 11.85, p = 0.01 (Fig. 7C). Neither butyrate nor propionate were affected by prenatal 4 

maternal B-GOS. In addition, there were no changes in fecal acetate (Fig. 7D). 5 

Average Nuclear Overhauser Effect Spectroscopy (NOESY) spectra for fecal samples from 6 

the pre H2O/post H2O and pre B-GOS/post B-GOS groups are shown in Fig. 7E, and butyrate, 7 

propionate, and glucose signals are labeled. Higher intensity signals (which correspond to higher 8 

metabolite concentrations) in the butyrate and propionate regions can be seen in the pre B-9 

GOS/post B-GOS group. Note that each metabolite has multiple peaks because the hydrogen 10 

protons within each molecule have different chemical environments, leading to energy absorption 11 

at multiple different frequencies in a given compound.12 
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  1 

Fig. 6. Postnatal B-GOS feeding results in significant changes in offspring fecal metabolite profiles. Fecal samples were 2 

collected from Cohort B cross-fostered offspring for metabolite analysis. According to OPLS-DA, A) pre B-GOS/post B-GOS 3 

pups and B) pre H2O/post B-GOS offspring had significantly different fecal metabolic profiles than pre H2O/post H2O animals, 4 

suggesting an effect of postnatal maternal B-GOS intake on offspring fecal metabolite levels. C) Prenatal B-GOS alone 5 

(represented by pre B-GOS/post H2O group), however, had no effect. D) In addition, the fecal metabolite profile of pre H2O/post 6 

B-GOS pups was distinct from that of pre B-GOS/post H2O animals. Kolmogorov-Smirnov, ***p < 0.001.  7 
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 1 

Fig. 7. Postnatal B-GOS significantly increases fecal butyrate and acetate in young offspring. A) To visualize group 2 

differences in metabolite levels, spectral bins with top VIP scores in at least one of the three significant OPLS-DA models were 3 

used to construct a heat map. Colors represent integral values for each bin normalized to the average integral in the pre H2O/post 4 

H2O group. Bins are labeled with the corresponding metabolite for unambiguous signals. There were also significant effects of 5 

postnatal diet on butyrate and propionate: postnatal B-GOS intake was associated with elevated fecal B) butyrate and C) 6 

propionate compared to offspring suckled by H2O control dams. D) There was no change in fecal acetate. Mixed-effects analysis, 7 

*p < 0.05. E) Average 1D 1H NMR spectra for pre B-GOS/post B-GOS and pre H2O/post H2O offspring fecal samples. Pre B-8 
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GOS/post B-GOS pups have more intense signals in the butyrate and propionate regions than pre H2O/post H2O pups. N = 6–8 1 

males/females; N = 12–14 total/group. 2 

  3 
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3.8 Maternal B-GOS alters plasma metabolite profiles and reduces glucose levels in 1 

young offspring 2 

The combination of prenatal and postnatal maternal B-GOS intake significantly modified 3 

plasma metabolite profiles in young offspring, and this difference was driven largely by reduced 4 

plasma glucose levels (Fig. S12). 5 

3.9 Maternal B-GOS increases social preference and reduces passive stress-coping 6 

behavior in adult progeny 7 

Adult offspring in Cohort C underwent the SIT, and male and female data were 8 

consolidated for mixed-effects analysis. Both maternal diet and P9 treatment had significant main 9 

effects: maternal B-GOS increased social preference, F(1, 76.00) = 4.46, p = 0.04, while P9 LPS 10 

reduced sociability, F(1, 76.00) = 5.54, p = 0.02 (Fig. 8A).  11 

In the FST, male and female adult data were also consolidated, and there was an F0 diet x 12 

postnatal day 9 LPS injection (LPS) effect on time floating, F(1, 69.12) = 4.56, p = 0.04. Although 13 

post hoc comparisons were not significant, there was a trend toward increased floating time in B-14 

GOS/Saline adult offspring compared to H2O/Saline offspring, t(14.60) = –2.76, p = 0.06 (Fig. 15 

8B). There were no effects on latency to float (Fig. 8C).  16 

In the LDB, there was a three-way effect on latency to enter the light, F(1, 74.74) = 7.37, 17 

p = 0.008, and a main effect of sex, F(1, 74.99) = 5.15, p = 0.03. According to separate male and 18 

female analyses, there was a main effect of maternal diet in females: maternal B-GOS reduced the 19 

latency to enter the light in females, F(1, 74.99) = 5.15, p = 0.03, but not in males (Fig. 8D).  20 

There was an F0 diet x sex effect on time in light, F(1, 65.05) = 13.39, p = 0.0005, and a 21 

main effect of sex, F(1, 65.06) = 8.00, p = 0.006. (Fig. 8E). Similarly, there were significant F0 22 

diet x sex, F(1, 66.12) = 4.19, p = 0.04, and F0 diet x LPS x sex, F(1, 65.48) = 5.37, p = 0.02, 23 
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effects on rears in the LDB (Fig. 8F). Finally, there was an F0 diet x LPS x sex effect on entries 1 

into the light, F(1, 73.62) = 7.90, p = 0.006 (Fig. 8G). When adult male and female data were 2 

analyzed separately, however, no significant effects of F0 diet or LPS on time in the light, rearing, 3 

or entries were found.  4 

There was a P9 LPS x sex effect on rearing in the OFT, F(1, 66.34) = 4.09, p = 0.04. 5 

Separate analysis of male and female data showed a main effect of LPS in females: LPS reduced 6 

rearing in adult female offspring, F(1, 30.38) = 8.63, p = 0.006, but not in males (Fig. 8H). There 7 

were no effects of maternal diet or LPS on distance traveled (Fig. 8I) or time in the center of the 8 

OFT (Fig. 8J) in adult offspring.9 
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Fig. 8. Maternal B-GOS increases sociability in all adult offspring and reduces anxious behavior in female progeny. A) There were main effects of maternal diet and acute 

treatment on social preference, indicating that maternal B-GOS increased social preference while postnatal day 9 LPS injection (LPS) reduced sociability in adult offspring. B) 

There was also an F0 diet x LPS effect on time floating. Although post hoc comparisons were not significant, there was a trend toward increased floating time in B-GOS/Saline 
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adult offspring compared to H2O/Saline offspring. C) There were no changes in latency to float. D) There was a main effect of maternal diet on latency to enter the light in 

females: perinatal B-GOS reduced latency to enter the light in adult female offspring but not in males. Although there was an F0 diet x sex effect on E) time in light and an F0 diet 

x LPS x sex effect on F) rears and G) entries into the light in the LDB, separate analyses of male and female to interpret the interactions did not indicate any significant 

differences. H) A significant main effect of LPS indicated that the endotoxin injection reduced rearing in adult female offspring but not in males in the OFT. There were no effects 

of maternal diet, however, on rears. There were also no changes in I) distance traveled, or J) time in the center of the OFT in adult offspring. Mixed-effects analysis, *p < 0.05. N 

= 9–10 males/females; N = 19–20 total/group.
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3.10 Maternal B-GOS intake increases NMDAR expression in the hippocampus in adult 1 

offspring 2 

In contrast to young pups, maternal B-GOS supplementation, as well as early-life LPS, 3 

influenced expression of NMDAR subunits in the PFC in adult offspring but had no effect in the 4 

hippocampus (Fig. S13). In the PFC, there was an F0 diet x LPS x sex effect, F(1, 72.00) = 10.76, 5 

p = 0.002, and an overall F0 diet x LPS effect, F(1, 72.00) = 6.99, p = 0.01, on GluNR1 expression. 6 

This three-way interaction was driven by an F0 diet x LPS effect on GluNR1 expression in females, 7 

F(1, 36) = 21.28, p < 0.0001, but not in males. According to Tukey post hoc tests, B-GOS increased 8 

GluNR1 expression in females, t(36) = 4.23, p = 0.0008, while LPS prevented this increase, t(36) 9 

= –4.04, p = 0.002 (Fig. 9A). Sex did not influence expression of GluNR2A, and there was an 10 

overall F0 diet x LPS effect, F(1, 75) = 6.23, p = 0.01. Post hoc tests did not identify significant 11 

group differences, but GluNR2A followed a similar pattern to GluNR1 – maternal B-GOS tended 12 

to increase GluNR2A in offspring, while GluNR2A levels returned to baseline with LPS (Fig. 9B). 13 

Finally, there was an F0 diet x LPS x sex effect on PFC GluNR2B expression, F(1, 65.72) = 4.30, 14 

p = 0.04, as well as an overall F0 diet x LPS effect, F(1, 65.72) = 5.97, p = 0.02. Similar to GluNR1, 15 

this three-way interaction was driven by an F0 diet x LPS interaction in females only, F(1, 35) = 16 

9.23, p = 0.004. Tukey tests showed that B-GOS elevated GluNR2B, t(36) = –3.43, p = 0.008 in 17 

saline-treated animals, and LPS blunted this increase, t(36) = 2.82, p = 0.04 (Fig. 9C). There were 18 

no changes in 5-HT2A (Fig. 9D) or BDNF (Fig. 9E). 19 

  20 
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 1 

Fig. 9. Perinatal B-GOS feeding alters PFC gene expression in adult offspring in a sex-specific manner. A) There was an F0 2 

diet x P9 treatment effect on GluNR1 expression in females. Post hoc tests showed that B-GOS increased GluNR1 expression in 3 

saline-treated female offspring, while LPS prevented this increase. B) There was an overall F0 diet x LPS effect on GluNR2A 4 

expression. No post hoc tests were significant. C) There was an F0 diet x LPS effect on GluNR2B in females only. Post hoc tests 5 
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showed that B-GOS elevated GluNR2B in saline-treated animals, and LPS blunted this increase. There were no changes in D) 5-1 

HT2A or E) BDNF expression. Mixed-effects analysis, *p < 0.05, **p < 0.01. ***p < 0.001. N = 9–10 males/females; N = 19–20 2 

total/group. 3 

  4 
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3.11 P9 LPS alters fecal metabolites in adult offspring, but perinatal B-GOS has no effect 1 

According to the OPLS-DA analysis, maternal B-GOS had no effect on fecal metabolite 2 

profiles in adult offspring – there were no differences between the H2O/Sal vs. B-GOS/Sal groups 3 

(Fig. S14A) or H2O/LPS vs. B-GOS/LPS groups (Fig. S14B). The only significant model was 4 

H2O/Sal vs. H2O/LPS, indicating a significant effect of early-life LPS on adult fecal metabolites 5 

(Fig. S14C). The B-GOS/Sal vs. B-GOS/LPS model, however, was not significant (Fig. S14D).  6 

Spectral bins with the highest VIP scores were identified, and metabolites were assigned 7 

to bins where possible. Glucose, succinate, and choline drove the separation between groups, and 8 

these metabolites were lower in the H2O/LPS group compared to H2O/Saline controls (Fig. S14E). 9 

Detailed OPLS-DA results are summarized in Table S3. 10 

No significant effects of F0 diet or LPS on fecal acetate (Fig. S14F), butyrate (Fig. S14G), 11 

or propionate (Fig. S14H) were identified. 12 

3.12 Effects of perinatal B-GOS and early-life LPS on body weights and plasma metabolite 13 

profiles in adult offspring 14 

While there were no differences in body weights at P9 before the LPS injection, there was 15 

a significant main effect of P9 treatment in neonates, indicating that LPS administration 16 

significantly reduced body weights at P10 and P14 (Fig. S15). In adult offspring, maternal B-GOS 17 

significantly altered plasma lipid composition (Fig. S16). 18 

4 Discussion 19 

The impact of prebiotics on the brain and behavior in adult rodents has been described 20 

previously (Gronier et al., 2017; Savignac et al., 2016, 2013; Williams et al., 2016). Despite the  21 

importance of the gut microbiome in early neurodevelopment (Clarke et al., 2013; Heijtz et al., 22 
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2011), the influence of galacto-oligosaccharide intake during gestation and nursing on pups has 1 

not been explored. We hypothesized that perinatal B-GOS intake in mice would reverse the effects 2 

of LPS on brain gene expression and behavior and that these changes would be associated with 3 

altered gut microbiome composition and metabolic fingerprints in dams and offspring. Overall, 4 

although LPS had mixed effects, increased exploratory behavior and social preference and reduced 5 

anxiety and passive stress-coping behavior in young and adult offspring following maternal B-6 

GOS supplementation supported our hypothesis. Maternal prebiotic intake was also associated 7 

with changes in the expression of NMDAR subunits in the hippocampus of young offspring and 8 

the PFC of adult progeny. Finally, changes in fecal metabolite levels, including increased SCFAs, 9 

and bacterial taxa in young offspring were also observed following perinatal B-GOS 10 

supplementation.  11 

4.1 Behavioral effects of maternal B-GOS and acute LPS in offspring 12 

Exploratory behavior in the OFT was the most robust behavioral effect of maternal B-GOS 13 

intake – this increase was shown in both Cohort A and B. In addition, the LDB results showed that 14 

maternal B-GOS intake during lactation may reduce anxiety-like behavior in offspring. These 15 

findings are consistent with previous studies on the behavioral effects of prebiotic intake in adult 16 

rodents (Burokas et al., 2017; Savignac et al., 2016). LPS did not, however, increase anxiety-like 17 

and passive stress-coping behavior and reduce exploratory behavior as we had anticipated (Couch 18 

et al., 2015; O’Connor et al., 2009; Zhao et al., 2016), although some studies have reported 19 

minimal or no changes in behavior in the same paradigm (Biesmans et al., 2013; Wang et al., 2011). 20 

The lack of an effect of LPS on TNF-α expression 24 hours post injection in our study may explain 21 

the mixed effects of LPS on behavior in young offspring. Identifying reduced anxiety-like behavior 22 
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in healthy mice, however, provides strong evidence for F0 B-GOS-mediated changes in offspring 1 

behavior. 2 

4.2 Effects of maternal B-GOS and acute LPS on NMDAR expression in offspring 3 

The reduction of NMDAR subunit expression in the hippocampus of young offspring 4 

following maternal prebiotic feeding, accompanied by increases in exploratory and anxiety-like 5 

behavior, suggests that this receptor may have mediated the behavioral changes. Indeed, 6 

NMDAR antagonists, such as ketamine, reduce anxiety and behavioral despair in animal models 7 

(Engin et al., 2009) and have antidepressant effects in humans (McGirr et al., 2015; Murrough et 8 

al., 2013). Although the decrease in NMDAR subunits observed in the current investigation 9 

contradicts data from a prebiotic study in rats (Savignac et al., 2013), it is consistent with other 10 

studies reporting reduced NMDAR mRNA and protein after GOS intake in adult mice (Burokas 11 

et al., 2017; Savignac et al., 2016).  Our current observations, therefore, suggest that the 12 

multigenerational effects of maternal B-GOS intake on central NMDARs may mediate its 13 

anxiolytic effects in offspring. 14 

In light of the changes in NDMAR subunit expression, it will be important to investigate 15 

the effects of perinatal B-GOS on cognitive behaviors, such as the Morris water maze or the Y-16 

maze spatial recognition task. Indeed, B-GOS has been shown to improve attentional set-shifting 17 

performance (Gronier et al., 2017) and novel object recognition in a rat model of postoperative 18 

cognitive dysfunction (Yang et al., 2018) and may have similar pro-cognitive effects in offspring 19 

following perinatal supplementation. In addition, given the importance of the PFC and 20 

hippocampus in learning and memory, future studies should investigate whether offspring gene 21 

expression changes occur in other brain regions that modulate emotional behaviors, such as the 22 
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hypothalamus, pituitary, amygdala, bed nucleus of the stria terminalus (BNST), and specific 1 

regions of the PFC, such as the medial PFC. 2 

LPS was associated with decreased expression of NMDAR subunits in the hippocampus. 3 

It is interesting that both maternal B-GOS and LPS had the same effect on hippocampal gene 4 

expression. Because quinolinic acid, an NMDAR agonist, increases following LPS (Walker et al., 5 

2013), there may be a compensatory decrease in NMDAR subunit expression. The relationships 6 

between inflammation, central NMDARs, and the gut microbiome should be investigated further. 7 

Acute LPS did, however, reduce hippocampal BDNF, which is consistent with the effects of 8 

systemic inflammation in previous studies (Guo et al., 2014; Li et al., 2017; Martin et al., 2013; 9 

Sriram et al., 2016; Zhao et al., 2017). 10 

4.3 Maternal B-GOS and the offspring gut microbiome 11 

Contrary to our hypothesis, B-GOS had no effects on maternal fecal metabolites or global 12 

microbiome composition after prebiotic intake. While DESeq did detect differentially abundant 13 

taxa in B-GOS-fed dams compared to controls, these differences were driven by two or three 14 

outliers. It is possible that large microbiome shifts that occur in the perinatal period, including 15 

increases in Actinobacteria (Koren et al., 2012), mask any prebiotic-induced changes in the 16 

maternal gut microbiome. Furthermore, the B-GOS dose was chosen because it was shown to 17 

increase Bifidobacterium levels in female mice in a small pilot study (Fig. S1A). However, group 18 

numbers in the pilot were low, and all animals in each group were housed in the same cage. In 19 

addition, these females were not pregnant/suckling. Although the dose of B-GOS that was 20 

ultimately used did influence offspring development and gut microbiome composition, future 21 

studies should test a range of doses. 22 
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Despite the lack of changes in the maternal microbiome, maternal B-GOS intake was 1 

associated with global changes in gut microbiome composition in offspring. Differences in 2 

microbiome composition after consumption of another GOS prebiotic has been reported in line 3 

with this study (Cheng et al., 2018). Although Bacteroides caecimuris, a member of the gram-4 

negative, obligate anaerobic Bacteroides genus, has not been linked to brain gene expression or 5 

behavior in previous studies, other Bacteroides species have been implicated in beneficial (Hsiao 6 

et al., 2013; Strandwitz et al., 2019) as well as detrimental brain and behavioral traits (Rincel et 7 

al., 2019). Bacteroides caecimuris may be an additional important member of the Bacteroides 8 

genus in the microbiome-gut-brain axis. Increased Barnesiella has been associated with autism 9 

spectrum disorder in humans (Liu et al., 2019). This supports our finding that this taxon is 10 

associated with increased anxiety and behavioral despair. Barnesiella and Bacteroides caecimuris 11 

may therefore be implicated in the brain and behavioral changes in offspring.  12 

The decrease in a Bifidobacterium was surprising, given that B-GOS has previously been 13 

shown to increase Bifidobacterium in vitro (Grimaldi et al., 2016; Liu et al., 2016) and in rats (Kao 14 

et al., 2018; Savignac et al., 2013). When all ASVs in the Bifidobacterium genus were consolidated, 15 

there was also a trend towards reduced relative abundance of total Bifidobacterium in B-GOS pups. 16 

Partial sequencing of the 16S gene gives limited resolution, especially at the species level, and 17 

cannot give information about the effects of B-GOS on relative abundances of specific species or 18 

strains of Bifidobacterium (Johnson et al., 2019). Metagenomics should therefore be used in future 19 

studies to determine which species of Barnesiella and Bifidobacterium are affected by perinatal 20 

B-GOS and their associated functions. 21 

Although we had anticipated effects of both prenatal and postnatal maternal B-GOS intake 22 

on offspring fecal metabolite profiles, only postnatal maternal B-GOS changed fecal metabolite 23 
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levels, including increases in butyrate and propionate and reductions in glucose and 1 

leucine/isoleucine. The robust effect of postnatal B-GOS on fecal metabolite profiles is consistent 2 

with studies showing that the offspring gut microbiome is determined by the nursing dam rather 3 

than the birth mother (Daft et al., 2015; Treichel et al., 2019), although more studies on the 4 

differential contributions of the birth and nursing dam on the offspring gut microbiome are needed.  5 

Given the minimal changes in maternal microbiome composition and metabolism after 6 

consuming the prebiotic, as well as the influence of postnatal B-GOS on offspring behavior and 7 

fecal metabolites, maternal B-GOS may exert its effects by altering breastmilk composition. 8 

Elevated levels of SCFAs in B-GOS pups may come from breastmilk; breastmilk itself contains 9 

high levels of SCFAs (Jiang et al., 2016), while compounds in breastmilk, such as milk 10 

oligosaccharides, can also be fermented in the offspring gut to produce SCFAs (Xiao et al., 2018). 11 

B-GOS supplementation in mothers may therefore increase SCFA levels in offspring through one 12 

or both of these mechanisms. High-fiber diet, for example, increases oligosaccharide levels in 13 

maternal milk in rats (Hallam et al., 2014). The influence of prebiotic intake on breastmilk 14 

composition, however, needs to be investigated further. 15 

SCFAs can also cross the blood-brain barrier (Frost et al., 2014; Minamiyama et al., 2004). 16 

The most likely mechanism by which SCFAs modulate gene expression is via their histone 17 

deacetylase (HDAC) inhibitor function. SCFAs have been shown to inhibit mRNA and protein 18 

expression of HDAC3 and HDAC5 in vitro (Zheng et al., 2020), and oral administration of butyrate 19 

increases acetylation at histone H3 in the brain in mice (Sharma et al., 2015; Yamawaki et al., 20 

2018). In young offspring from B-GOS-fed dams, increased SCFAs may increase histone 21 

acetylation and, in turn, increase expression of genes/proteins that negatively regulate expression 22 

of NMDAR subunits. Future studies will need to investigate brain HDAC activity in offspring 23 
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following maternal prebiotic feeding to help determine whether changes in histone acetylation 1 

contribute to the alterations in gene expression observed in the current study. 2 

4.4 Long-lasting neurobehavioral effects of maternal B-GOS and early-life inflammation 3 

in adult offspring 4 

Perinatal prebiotic intake had a variety of effects on behavior in adult offspring. The 5 

increase in social interaction in the SIT in B-GOS offspring was consistent with our original 6 

hypothesis and in agreement with studies of prebiotic supplementation in adult rodents (Burokas 7 

et al., 2017; Grimaldi et al., 2018). This is the first study, however, showing a multigenerational 8 

effect of prebiotic intake on social preference. Changes in the offspring microbiome after maternal 9 

prebiotic feeding may influence the development of social behavior (Sherwin et al., 2019). The 10 

decrease in social preference in LPS-treated animals was also expected based on previous studies 11 

(Li et al., 2018). These results indicate that maternal prebiotic intake and early-life inflammation 12 

have opposing effects on social behavior in adult offspring that may reflect disparate effects of the 13 

two treatments on the neonatal immune system. Furthermore, in the FST, maternal B-GOS reduced 14 

floating time as anticipated, and the significant F0 diet x P9 treatment interaction showed that LPS 15 

prevented the B-GOS-induced decrease in floating time. Therefore, maternal prebiotic may 16 

produce behavioral changes through modification of the offspring immune system, although more 17 

evidence is needed.  18 

Other behavioral results in adult progeny included reduced rearing in LPS-treated animals 19 

in the OFT and reduced latency to enter the light in female offspring of B-GOS-fed dams. Reduced 20 

exploratory rearing after early-life inflammation was expected based on previous studies (Li et al., 21 

2018), although the increase in rearing in young pups from B-GOS-fed dams did not last into 22 

adulthood. We also expected reduced anxious behavior in the LDB, including reduced latency to 23 
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enter the light, but in contrast to the young offspring, this change was only found in female progeny 1 

of B-GOS-fed dams. Similarly, maternal B-GOS tended to increase NMDAR subunit expression 2 

in female adult progeny. Sex-dependent effects of maternal diet and dietary supplements on adult 3 

offspring behavior and gene expression have been reported previously (Keleher et al., 2018; Mckee 4 

et al., 2018; Surzenko et al., 2019; Ye et al., 2018). The sex differences in anxiety-like behavior 5 

may be explained by an interaction between exposure to maternal B-GOS in early life and estrogen 6 

and estrogen receptors, which are involved in anxiety-like behavior (Eid et al., 2019). In summary, 7 

maternal B-GOS feeding may induce long-lasting changes in the neonatal brain that alter behavior, 8 

although the exact phenotype is not consistent across age and sex. 9 

4.5 Maternal B-GOS and the gut microbiome in adult offspring 10 

Although we had hypothesized that functional changes in the gut microbiome would last 11 

until adulthood, there were no maternal B-GOS-induced changes in fecal metabolites in adult 12 

offspring. This suggests that while perinatal prebiotic exposure exerts enduring changes on 13 

offspring brain and behavior through to adulthood, alterations to the microbiome are not long-14 

lasting. Although it will be necessary to perform 16S sequencing on fecal samples from adult 15 

offspring, we would predict that there are no differences in microbiome composition in adults 16 

based on the metabolic data. Therefore, after offspring are separated from the mother and weaned 17 

to normal drinking water, any differences in microbiome composition and metabolic function are 18 

likely overshadowed by common environmental and dietary factors. Thus, changes in the gut 19 

microbiome in early life may produce changes in the brain and behavior that last into adulthood 20 

independent of the ensuing environment (Clarke et al., 2013; Heijtz et al., 2011; Stilling et al., 21 

2015). 22 
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4.6 Conclusion 1 

In summary, maternal prebiotic intake influences behavior and gene expression in young 2 

and adult offspring and reduces fecal levels of Barnesiella and Bacteroides caecimuris. This 3 

supports the role of the microbiome early in development on programming brain function and 4 

behavior and provides rationale for investigating a causal relationship between the offspring 5 

microbiome and the brain and behavior in future studies of maternal prebiotic feeding. Despite 6 

minimal changes to the postnatal maternal gut microbiome, postnatal B-GOS feeding strongly 7 

influences offspring fecal metabolites. These results suggest that direct exposure to maternal gut 8 

microbes through coprophagia and co-housing cannot explain the changes in the offspring brain 9 

and behavior. Rather, breastmilk composition may account for the differences in brain gene 10 

expression and behavior in B-GOS pups compared to controls and should be investigated in future 11 

studies. Maternal prebiotic intake, particularly during nursing, could represent an important 12 

opportunity to safely modulate the offspring gut microbiome. It may also mitigate against adverse 13 

behavioral adaptations to early-life inflammation. 14 
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