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ABSTRACT OF THE DISSERTATION 

The microbiome responds to environmental perturbations during critical periods to shape 

neurodevelopmental outcomes 

by 

Elena Julia Coley-O’Rourke 

Doctor of Philosophy in Neuroscience 

University of California, Los Angeles, 2024 

Professor Elaine Yih-Nien Hsiao, Chair 

The gut microbiome interacts with host physiology to influence neurodevelopment during critical 

periods of life. Brain-gut interactions during these critical periods can occur through direct 

communication, such as via gut-derived metabolites or vagal activity, or by indirect or secondary 

body systems, such as immune or endocrine signaling. Regardless of mechanism, these brain-

gut interactions shape neurological trajectories for later-life function. The compilation of work 

making up this dissertation aims to profile mechanisms of developmental brain-gut interactions in 

response to environmental perturbations, and explore avenues of microbiota-targeted methods 

for amelioration of subsequent neurological impairment. Chapters 2 and 3 and Appendix 1 

investigate how the microbiome responds to, and moderates effects of, perinatal malnutrition on 

the developing brain. Here, we report that the maternal microbiome modifies effects of protein 

undernutrition on fetal neurodevelopment and offspring behavior, and that gut-modulated 
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metabolites ameliorate select phenotypes. Chapter 4 investigates signatures of gestational 

fluoxetine use on transcriptomic disruptions in the developing fetal brain, and reports a mediating 

role of the maternal microbiome. Chapter 5 is a translational study investigating correlations 

between metabolomic changes, functional brain connectivity, and psychiatric symptoms in adults 

following exposure to early life adversity. We find that four gut-modulated metabolites and 

connectivity of brain networks including sensorimotor, salience, and central executive, are 

associated both with early life adversity and with current stress, anxiety, and depression 

symptoms. Together, this body of work supports the notion of sensitivity of not only the brain, but 

also the gut, and interactions between the two, to environmental perturbations. Results indicates 

a causal role of the microbiome during critical windows of prenatal or postnatal development in 

shaping neurodevelopment and influencing persistent trajectories of behavior, and demonstrate 

that these interactions occur in response to outside influences including diet, medications, and 

stress. Finally, this work highlights the gut microbiome as a target of potential intervention for 

critical period neurodevelopmental disruptions. 
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Chapter 1: Overview 
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The gut microbiome plays an essential role in host neurodevelopment and 

neurobehavioral functioning throughout the lifespan1. Furthermore, the gut microbiome is 

sensitive to prenatal and early-postnatal environmental inputs including birth method2, early 

nutrition3, exposure to antibiotics2, and maternal stress4,5 or immune activation6. These time 

periods are also critical for gut-brain interactions to shape lifelong neurobehavioral trajectories7–

9. Further work is needed to understand neural-microbial interactions during these developmental 

windows and how they influence host brain and behavior in a persistent manner, particularly in 

the context of environmental stressors. To this end, my dissertation research is focused on 

elucidating i) how the microbiome is altered in response to environmental perturbations during 

critical periods; ii) how interactions in the gut-brain axis inform neurological and behavioral 

responses to environmental perturbations during critical periods; and iii) whether the gut 

microbiome presents a viable therapeutic target for intervening in neurological and behavioral 

impairments following environmental perturbations during critical periods. I will investigate these 

questions in the contexts of malnutrition (Chapters 2 and 3; Appendix 1), maternal selective 

serotonin reuptake inhibitor (SSRI) exposure (Chapter 4), and early life adversity (Chapter 5).  

In Chapter 2, I present a review of literature relating to malnutrition, gut microbiome, and 

host neurodevelopment. Malnutrition remains a pressing global health concern, and further 

understanding of the nuanced and persistent physiological impacts is needed. I cover the 

spectrum of malnutrition, including undernutrition, overnutrition, and micronutrient deficiencies, 

and explore findings in diverse human populations and animal models. I first present evidence for 

the influence of perinatal malnutrition on brain development, including structural changes and 

behavioral dysregulation. I then present evidence for the influence of perinatal malnutrition on the 

microbiome, including reduced diversity and altered functional output. Finally, I present emerging 

evidence for the microbiome as a mediator of malnutrition-driven neurological changes, and 

discuss potential mechanisms by which this may occur, including direct metabolite-mediated 

signaling, and indirect immune, endocrine, or epigenetic regulation. A version of this work has 
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been published as: Coley, E.J.L., Hsiao, E.Y. (2021). Microbiome and nutritional contributions to 

early neurodevelopment. Trends in Neurosciences, 44(9), 753-764. 10.1016/j.tins.2021.06.004 

In Chapter 3, I present original research investigating the role of the maternal microbiome 

in gestational protein restriction. Protein restriction (PR) is a common form of undernutrition 

globally, and is particularly known to lead to impaired growth10, persistent neurodevelopmental 

impairments11,12, and microbial shifts13. Critically, current nutritional interventions are not 

adequate to prevent these long-lasting microbial and behavioral effects, despite their benefit to 

gross physiological recovery14–16. Therefore an urgent need remains for a deeper understanding 

of mechanisms by which brain and behavior are influenced by malnutrition, and what types of 

interventions may be able to target these mechanisms. In this study, I highlight a moderating 

influence of the maternal microbiome during gestational protein restriction on neurodevelopment 

and behavioral trajectories of offspring. I found that in a mouse model, PR during gestation 

induces fetal growth restriction, and in combination with PR-associated rearing in the early 

postnatal period, reduces pup survival and induces anxiety-like behavior and cognitive impairment 

in adult offspring. Using genomic, transcriptomic, and metabolomic techniques, I identified shifts 

in the maternal microbiota and serum metabolome, as well as in the fetal brain transcriptome and 

metabolome in late gestation. Using broad-spectrum antibiotics to deplete the maternal microbiota 

during gestation, I found that a subset of these behavioral, transcriptomic, and metabolomic 

changes in response to diet are ameliorated or exacerbated by the microbiota, suggesting a 

modulating role. Finally, I observed that a cocktail of 10 microbially-modulated metabolites 

supplemented throughout gestation to PR dams was sufficient to ameliorate pup survival and 

adult offspring behavioral impairment in a sexually-dimorphic manner, where females display 

reduced anxiety-like behaviors, and males display restored memory. These experiments highlight 

the gestational period as a critical window for malnutrition, suggest that dietary perturbations act 

on both maternal and fetal systems to induce subsequent impairment, and implicate the maternal 

microbiome as both a moderating influence, and as a potential therapeutic target. In addition to 

https://psycnet.apa.org/doi/10.1016/j.tins.2021.06.004
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using a mouse model, I utilized data from a cohort of preterm infants with or without growth 

restriction, provided by Dr. Kara Calkins and Dr. Alison Chu, to ascertain if growth restriction 

relates to gut-brain alterations in humans. I found that growth-restricted infants had reduced 

microbial diversity and increased Staphylococcus in the early postnatal period, as well as impaired 

cognitive development scores in the first two years of life. Critically, the microbial findings in the 

first few weeks of life correlated with the later neurodevelopmental scores in cognitive, language, 

and motor domains, further suggesting translational potential for gut-brain signaling to set 

developmental trajectories following growth restriction. A version of this work is currently under 

review and is available as a pre-print on Biorxiv as: Coley-O’Rourke, E.J., Lum G.R., Pronovost, 

G.N., Ozcan. E., Yu, K.B., McDermott, J., Chakhoyan, A., Goldman, E., Vuong. H.E., Paramo, J., 

Chu, A., Calkins, K.L., Hsiao, E.Y. (2024). The maternal microbiome modifies adverse effects of 

protein undernutrition on offspring neurobehavioral impairment in 

mice. 10.1101/2024.02.22.581439 

In Appendix 1, I describe additional original research supplementary to Chapter 3. I first 

explored the effects of PR at mid-gestation, and show that placental and maternal disruptions 

precede fetal growth restriction. I then discuss results of an extensive behavioral battery 

performed on cross-fostered offspring of PR or CD dams. Although there were mild and sexually-

dimorphic effects of PR gestation and associated rearing in exploratory behavior, sociability, and 

tactile sensitivity, the overall absence of clear behavioral signatures in these domains led me to 

conclude that the strongest behavioral phenotypes fall into anxiety-like and cognitive domains, as 

explored in Chapter 3. I next present a deeper investigation of fetal brain changes following 

gestational PR and maternal microbiota depletion. Multi-‘omics findings in Chapter 3 raised 

potential avenues by which PR manipulates fetal brain, including hypothalamic-pituitary-adrenal 

(HPA) axis dysregulation and serotonergic signaling. Using immunostaining and confocal 

imaging, I found that serotonin transporter-positive axons were depleted in subregions of the fetal 

hippocampus and frontal cortex following gestational PR, and that this reduction was exacerbated 
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by maternal microbial depletion. Conversely, I saw no effect of gestational PR on proliferation or 

microglia in the developing hippocampus and frontal cortex, and quantitative polymerase chain 

reaction (qPCR) revealed no significant differences in HPA axis-related genes in the fetal brain. I 

also discuss effects of PR on short chain fatty acids (SCFA) in fetal brain. I find that maternal 

serum is unaffected, and that microbial depletion has no discernable impact. I then present 

findings on maternal splenic and placental insufficiency induced by gestational PR. These 

phenotypes were unchanged by maternal microbial depletion or any microbial-informed 

interventions including supplementation of short-chain fatty acids, gut-modulated metabolites, or 

bacterial cocktail. These spleen and placental phenotypes may present further avenues by which 

fetal brain changes occur in response to diet, as they may suggest potential maternal immune 

dysregulation, or impaired nutrient, oxygen, and waste transport between maternal and fetal 

compartments. Finally, I share the results of a bacterial supplementation experiment, which aimed 

to replenish microbes depleted by the PR diet with the goal of ameliorating offspring phenotypes. 

To this end, 7 microbes were identified, cultured, and supplemented throughout gestation to PR 

dams by oral gavage. However, this supplementation was largely unsuccessful, as there were no 

significant effects of supplementation on prenatal maternal or fetal phenotypes. There were select 

domain- and sex-specific behavioral changes, including anxiety-like behavior that was less severe 

in male offspring, but more severe in females. In conclusion, these supplementary findings 

suggest myriad physiological consequences of gestational PR, both on the maternal and fetal 

side, only some of which seem to be microbiome-dependent.  

In Chapter 4, I describe original research led by Dr. Helen Vuong investigating how 

exposure to SSRIs during pregnancy affects maternal microbiome and fetal brain. Peripartum 

depression is a serious psychiatric condition with negative health consequence for individuals and 

their infants17. However, treatments specific to pregnancy and the postpartum period are lacking. 

SSRIs are the most common medication used to treat depression in pregnancy18, but they have 

been associated with adverse outcomes in offspring19,20. Additionally, SSRIs are known to interact 
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with the microbiome21,22, and microbial heterogeneity may explain individual differences in 

response to SSRI treatment. Using a mouse model, we found that daily treatment with fluoxetine 

during mid-gestation induced myriad transcriptional changes in the fetal brain by RNA 

sequencing, including in genes relating to neuronal signaling and synaptic organization. Using 

16S sequencing, we observed that fluoxetine treatment did not alter maternal microbial 

composition, however treatment with broad-spectrum antibiotics to deplete the maternal 

microbiota was sufficient to alter fetal transcriptomic responses to fluoxetine. RNAscope,in situ 

hybridization revealed that maternal fluoxetine treatment increased region-specific opioid binding 

protein/cell adhesion molecule like (Opcml) staining in the fetal brain, but maternal microbial 

depletion prevented this increase. We concluded that maternal fluoxetine treatment during mid-

gestation alters fetal brain transcriptomic signatures in a microbiome-dependent manner. A 

version of this work has been published as: Vuong, H.E., Coley, E.J.L., Kazantsev, M., Cooke, 

M.E., Rendon, T., Paramo, J., Hsiao, E.Y. (2021). Interactions between maternal fluoxetine 

exposure, the maternal gut microbiome and fetal neurodevelopment in mice. Behavioral Brain 

Research, 410, 113353. 10.1016/j.bbr.2021.113353 

In Chapter 5, I describe original research overseen by Dr. Arpana Gupta and Dr. Emeran 

Mayer investigating gut-brain signatures of early adversity in a human adult cohort. Stress and 

adversity during critical periods is a well-appreciated neurodevelopmental disruptor that increases 

vulnerability to a variety of health conditions throughout the lifespan23. Early adversity has been 

correlated with various structural and functional brain changes24,25. Furthermore, the gut 

microbiome is sensitive to stressors26,27. There is evidence that behavioral responses to early 

adversity are microbiome-dependent28, and microbially-derived metabolites such as short chain 

fatty acids have been shown to temper host responses to stress29,30. In a sample of 128 healthy 

participants, we assessed incidence of early adversity before 18 years of age and current 

perceived stress, anxiety, and depression using validated questionnaires. We first observed that 

participants with high early adversity scores also had significantly higher current anxiety scores. 

https://doi.org/10.1016/j.bbr.2021.113353
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16S rRNA sequencing showed no differences in microbial composition based on early adversity, 

but untargeted metabolomics on stool samples revealed four gut-related metabolites – 5-

oxoproline, malate, urate, and glutamate gamma methyl ester –  that were significantly decreased 

in participants with high early adversity exposure. Using magnetic resonance imaging, we found 

that early adversity correlated with various alterations in brain functional connectivity, primarily 

within sensorimotor, salience, and central executive networks. Integrated analysis revealed 

significant associations between the identified metabolites, functional brain connectivity, and 

current stress, anxiety, and depression, leading us to hypothesize that critical period stressors 

may increase vulnerability to negative mood and stress later in life via alterations in brain-gut 

signaling.  A version of this work has been published as: Coley, E.J.L., Mayer, E.A., Osadchiy, 

V., Chen, Z., Subramanyam, V., Zhang, Y., Hsiao, E.Y., Gao, K., Bhatt, R., Dong, T., Vora, P., 

Naliboff, B., Jacobs, J.P., Gupta, A. (2021). Early life adversity predicts brain-gut alterations 

associated with increased stress and anxiety. Neurobiology of Stress, 15, 100348. 

10.1016/j.ynstr.2021.100348 

Overall, this dissertation aims to contribute to the existing understanding of how the gut 

microbiome interacts with the developing brain to respond to environmental perturbations and set 

life-long trajectories of neurological and neurobehavioral function. There is still much work to be 

done in this area, including narrowing down critical periods for discrete neurological or behavioral 

impairments, clearly elucidating specific mechanisms by which developmental gut-brain 

interactions occur and determining whether these mechanisms are conserved across contexts, 

and translating these findings to well-controlled and highly powered longitudinal human cohorts. 

  

https://doi.org/10.1016/j.ynstr.2021.100348
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Chapter 2: Malnutrition and the microbiome as modifiers of early 

neurodevelopment 
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Abstract: Malnutrition refers to a dearth, excess, or altered differential ratios of calories, 

macronutrients, or micronutrients. Malnutrition, particularly during early life, is a pressing global 

health and socioeconomic burden that is increasingly associated with neurodevelopmental 

impairments. Understanding how perinatal malnutrition influences brain development is crucial to 

uncovering fundamental mechanisms for establishing behavioral neurocircuits, with the potential 

to inform public policy and clinical interventions for neurodevelopmental conditions. Recent 

studies reveal that the gut microbiome can mediate dietary effects on host physiology and that 

the microbiome modulates the development and function of the nervous system. This review 

discusses evidence that perinatal malnutrition alters brain development, and examines the 

maternal and neonatal microbiome as a potential contributing factor.  

 

The Persistent Burden of Malnutrition 

Perinatal nutrition is an early determinant of healthy growth and long-term developmental 

trajectories [1]. Malnutrition during critical developmental periods, whether characterized by 

overabundance, lack, or altered relative abundances of energy or nutrients, can drastically and 

persistently alter the course of development across many body systems, including the nervous 

system. With early-life malnutrition remaining a foremost global health burden and an indicator of 

systemic inequities, alongside a rising prevalence of neurodevelopmental disorders, it is critical 

to understand the roles that malnutrition may play in disrupting brain development, the underlying 

mechanisms involved, and how this process may be thwarted. The microbiome is increasingly 

implicated in these processes, as it interacts directly with diet to inform nutrition, and has myriad 

influences on host physiology, including brain function and behavior. Previous work has explored 

links between malnutrition and neurodevelopment [2, 3], between malnutrition and the gut 

microbiome [4, 5], and between neurodevelopment and the gut microbiome [6, 7] during early 

developmental periods. Very recently, ties between nutrition and the developmental brain-gut-

microbiome axis have been presented [8], as well as maternal diet and offspring 
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neurodevelopment through a lens of inflammation, in which the gut microbiome may play a role 

[9]. The current review aims to evaluate evidence linking malnutrition, the gut microbiome, and 

neurodevelopment by highlighting associations between perinatal malnutrition and 

neurodevelopmental outcomes of the offspring and drawing attention to emerging evidence 

suggesting that the maternal microbiome may mediate this relationship. It further explores 

molecular mechanisms by which the maternal microbiome and diet may impact core 

neurodevelopmental processes and potential implications of microbiome-dietary interactions for 

human neurological health and disease. Wherever possible, this review will isolate the prenatal 

period as a critical window for neural effects of malnutrition and contributions of maternal 

microbiome, but where evidence is lacking or models are nonspecific, and particularly when 

humans are the subject, findings will be presented from the perinatal period. Unless otherwise 

stated, malnutrition models described here are characterized by alterations in ratios of nutrients, 

rather than in absolute values. 

 

Perinatal Malnutrition and Neurodevelopment 

Undernutrition is a staggering problem around the world: about 50% of deaths of children 

under five are due to undernutrition and associated conditions [10]. The most commonly reported 

neurobehavioral effects of early macronutrient undernutrition are in cognitive and social domains 

(Table 2.S1). In a cohort of 3913 children from Brazil, female offspring of previously 

undernourished mothers, characterized by low BMI and gestational weight gain, had higher 

likelihood of exhibiting a global, language, or motor delay at two years of age [11]. Young children 

subjected to poor nutrition had deficits in social behavior [12]. Early postnatal protein intake in 

particular was positively correlated with motor and cognitive scores as well as total brain volume 

in preterm infants [13] and negatively correlated with myelination-related deficits [14], cerebral 

atrophy and ventricular dilation [15, 16], cortical dendritic dysplasia [17], and enlarged cisterna 

magna and periventricular white matter abnormalities [16]. Youth exposed to low protein during 
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the first year of life displayed reduced cognitive function including IQ and attention in childhood 

[18], and increased depressive symptoms in adolescence [18, 19]. Other macronutrients are 

similarly crucial: in preterm infants, early postnatal fat intake was associated with larger 

cerebellum [13], basal ganglia [13, 20], thalamus [13], and total brain [20], in addition to increased 

fractional anisotropy in the internal capsule [13], corona radiata [20], thalamic radiations [20], 

posterior longitudinal fasciculus [20], and corticospinal tract [20]. Critically, brain growth was 

associated with later psychomotor function [20]. Some neural deficits may persist into adulthood: 

in 118 members of the Dutch Famine birth cohort, exposure to prenatal undernutrition was 

associated with reduced white matter perfusion in later adulthood, as well as reduced blood flow 

in cingulate cortex in men [21] and brain features linked to aging in men [22]. In addition, adults 

from Barbados subjected to protein restriction during the first year of life had persistent attention 

deficits [23] and reduced executive functions, including cognitive flexibility, working memory, and 

visuospatial integration [24].  

Such links are not restricted to macronutrient undernutrition, as early postnatal 

deficiencies in micronutrients such as vitamin B12, folate and vitamin K have also been 

associated with brain atrophy and corpus callosum thinning [25], psychiatric disorders [26], and 

increased risk for intracranial hemorrhage [27]. Moreover, while not as well-studied as 

undernutrition, perinatal overnutrition is a growing global health concern, as an estimated 38 

million children under five are obese or overweight [28]. Maternal overnutrition, measured by high 

BMI before and/or during pregnancy, is associated with reduced infant scores in cognitive and 

language development domains [11], impaired visual-motor skills [29], decreased sociability and 

learning, particularly in boys [30], and altered fetal thalamic and cortical connectivity [31, 32]. 

Altogether, the increasing number of studies linking perinatal malnutrition to neurodevelopmental 

abnormalities highlight a need to understand their underlying neurobiological bases.  

 Complementary investigations using animal models provide causal evidence that prenatal 

malnutrition can impair neurodevelopment and later-life behavior. In rats and guinea pigs, 
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absolute food restriction during gestation led to reduced brain size [33, 34], increased 

corticosterone and corticotropin-releasing hormone [33], and altered hippocampal physiology 

[34]. In baboons, overall food restriction during gestation led to reduction of subventricular zone 

size, glial markers, neuronal processes, and neurotrophic factors, increased apoptosis ratio, and 

dysregulated gene expression, including downregulation of signaling pathways relevant for 

neurogenesis and axon guidance [35]. Prenatal protein restriction in rats reproducibly impaired 

operant conditioning learning [36-38], recognition memory and hippocampal morphology [39], 

oligodendrocyte development [40], cortical physiology [38], and anxiety-like behaviors [37, 41]. 

Notably, even a very limited period of protein restriction during the pre-conception period alone 

was sufficient to disrupt fetal cortical development and impair hippocampal-dependent recognition 

memory in rats [42]. Similar effects were reported in rats fed a micronutrient-deficient diet – lacking 

vitamin D, zinc, or folate – during gestation, where offspring had alterations in levels of 

neurochemicals across various brain regions [43], impaired memory [44, 45], and increased 

hippocampal apoptosis [45, 46]. Analogous to observations of overnutrition in humans, prenatal 

high-fat diet in rodents also induced neural alterations, including fetal microglial reactivity [47], 

changes in neurochemical levels [48], and increased addiction-like behaviors [48]. While these 

results illustrate the vital role that nutrition during the prenatal period plays in early 

neurodevelopment and long-term trajectories, it is critical to mention that many of these diet 

models are simplified and reductionist, lacking for example soluble fiber in addition to having low 

protein or high fat. Dietary fiber has been shown to alleviate obesity and metabolic effects of high-

fat diet, and is metabolized by the gut microbiome [49, 50]. It may indeed be the case that 

nutritional requirements, and consequences of those not being met, are more complex and 

interdependent than what previous models may suggest, and may constitute a spectrum rather 

than a binary phenomenon of undernutrition versus overnutrition. To further understand 

malnutrition as a continuum, it is critical to investigate fundamental mechanisms by which specific 

subtypes of prenatal malnutrition disrupts brain and behavioral development. 
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Perinatal Malnutrition and the Microbiome 

 The gut microbiome, comprising trillions of microorganisms indigenous to the 

gastrointestinal tract, is increasingly implicated as a key determinant of dietary effects on host 

physiology, with the capacity to modulate brain development and behavior. Alterations in diet and 

nutrition shift the structure and function of the gut microbiome, especially during critical periods of 

development (Table 2.S1). Postnatal severe acute malnutrition (SAM) in children from 

Bangladesh up to two years of age was associated with reduced microbial alpha diversity – 

species richness and evenness –  suggesting community immaturity, which persisted even after 

dietary intervention [51]. In a similar cohort, reduced alpha diversity was explained by the 

discrimination of bacteriophages – bacterial viruses – between stunted and non-stunted children 

[52]. In young children from Senegal and Niger, microbial differences between subtypes of 

postnatal malnutrition were apparent, with those with kwashiorkor – a form of protein deficiency 

characterized by edema – showing a severe reduction in diversity [53, 54], and increased 

pathogenic species [54], and those with marasmus – a form of calorie deficiency characterized 

by weight loss and dehydration – showing an intermediate reduction in diversity [53]. Additionally, 

taxonomic abundances were differentially altered between subtypes, with increased 

Proteobacteria and Fusobacteria in kwashiorkor and decreased Bacteroidetes in marasmus [53]. 

Children with postnatal SAM harbored microbiomes with reduced bacterial load [55], decreased 

functional pathways relating to metabolism and nutrient uptake [56], and increased virulence-

related genes [56]. They also displayed increased intestinal redox potential [55], a possible 

functional consequence of altered microbial community composition. In contrast, children from 

Uganda under two years of age with postnatal kwashiorkor displayed increased alpha diversity 

[57, 58], a modest difference in beta diversity [57], and alterations in relative taxonomic 

abundances, both compared to controls and across subtypes of malnutrition [58]. In regard to 

overnutrition, maternal high-fat diet during gestation in humans correlated with alterations in the 
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infant microbiota, such as increased Enterococcus and decreased Bacteroides [59]. A similar 

prenatal diet in nonhuman primates resulted in not only altered taxonomic abundances in the 

dams, but also reduced Proteobacteria and increased Firmicutes in the offspring [60]. Altogether, 

these findings highlight key context-specific effects of malnutrition on the gut microbiome and 

further emphasize the need for equally context-specific approaches to considering interventions.  

Interestingly, altered dietary composition alone does not determine malnutrition; rather, 

how the host and microbiota respond to the diet are critical factors for the manifestation of 

malnourished phenotypes. Indeed, twins from Malawi discordant for postnatal kwashiorkor had 

altered microbiota compared to their unaffected twin on the same diet [61]. Transplantation of the 

kwashiorkor-associated microbiota into mice yielded altered microbial taxonomic profiles and 

metabolite levels, in addition to marked weight loss – a feature analogous to the growth restriction 

characteristic of human undernutrition – when compared to transplantation of the microbiota from 

the unaffected twin [61]. These findings provide strong proof-of-concept that the gut microbiome 

is altered by malnutrition and can contribute to the detrimental effects of early malnutrition on 

growth and development.  

Additional studies highlight the potential to develop microbiome-based treatments for core 

symptoms of early malnutrition. In a study examining effects of the maternal microbiota on 

offspring malnutrition, mouse dams were reared as wildtype, germ-free, or monocolonized with 

Lactobacillus plantarum, and offspring were placed on a protein-, fat-, and vitamin-depleted diet 

on postnatal day 21 [62]. Offspring of germ-free and monocolonized dams exhibited impaired 

growth, increased growth hormone, and decreased insulin-like growth factor-1 and its binding 

protein-3, in response to the depleted diet [62]. Notably, maternal colonization with the bacterium 

L. plantarum mitigated the compounding effects of microbiome depletion and malnutrition, with 

the L. plantarum monocolonized mice showing comparable growth and growth-related biomarkers 

to wildtype controls [62]. In a human study examining postnatally malnourished children under 

five years of age, characterized by low weight and height, supplementation of a sufficient diet with 



 

 

17 

 

 

L. rhamnosus GG reduced infections, increased body mass index, and elevated protein levels, 

compared to children given a sufficient diet alone [63]. Additionally, “microbiota-directed foods”, 

formulated to support healthy maturation and development of the gut microbiota, were shown to 

alter the gut microbiota and improve bone and immune development in children with postnatal 

moderate acute malnutrition [64]. Notably, interventions may not be universally effective. In a 

comparison of infants from Nicaragua and Mali who were provided a rice bran supplement, infants 

from different geographical areas exhibited divergent outcomes: Nicaraguan infants had improved 

length scores but Malian infants did not, and each had differential microbial taxonomic profiles 

and metabolite levels [65]. These studies highlight varying effects of malnutrition on the gut 

microbiome, and present it as a potential target, both for mechanistic investigations and 

therapeutic interventions. 

 

Emerging Roles for the Microbiome in Perinatal Malnutrition and Neurodevelopment 

Mounting evidence that the microbiome contributes to the ability of malnutrition to impair 

offspring growth raises the important question of whether the microbiome also contributes to the 

neurodevelopmental abnormalities associated with malnutrition. Up until this point of the review, 

neurodevelopmental and microbial alterations in response to malnutrition have been discussed 

as separate; going forward, evidence will be presented for their interdependence. In postnatally 

undernourished children from Mumbai – many of whom displayed stunting, wasting, anemia, and 

iron deficiency –  microbial alpha diversity and relative abundance of Actinobacteria correlated 

positively with head circumference [66]. In a cohort of children from Bangladesh with postnatal 

SAM, treatment with microbiota-targeted diets not only ameliorated growth restriction and 

microbial immaturity, but also altered levels of plasma hormones, metabolites, and expression of 

key proteins related to neurodevelopment, such as axonal guidance cues and neurotrophin 

receptors [64]. These changes were further associated with alterations in short-chain fatty acids 

(SCFAs), select amino acids, hydroxyanthranillic acid and indole-3-lactic acid [64], suggesting a 
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microbiome-dependent and neurodevelopmental response to dietary intervention. Similarly, 

children from Bangladesh with postnatal MAM treated with the same dietary intervention 

displayed increased weight-for-age and weight-for-length, the latter of which also positively 

correlated with plasma proteins related to axonal guidance and neurotrophins, as well as 23 gut 

taxa including P. copri and F. prausnitzii [67]. Low-weight preterm infants displayed reduced head 

circumference and microbial alpha-diversity, greater relative abundances of Staphylococcaceae 

and Enterobacteriaceae, and increased metabolites relating to fatty acid oxidation and lipolysis 

[68]. And low-weight preterm infants who received a pro/prebiotic supplement during the first week 

of life had better weight gain, larger head circumference, and a shorter time to solely enteric 

feeding [69].  

Analogous links between malnutrition, the microbiome, and brain development exist for 

early overnutrition in animal models. Offspring born from mice fed a high-fat diet during gestation 

and lactation displayed cognitive deficits and disparate microbiota which clustered based on 

maternal diet [70]. Critically, the researchers identified specific taxa in the offspring, including 

Clostridium, Parabacteroides and Proteobacteria, which correlated with both maternal obesity 

and offspring cognitive deficits [70]. In an independent mouse study, maternal consumption of a 

high-fat diet during gestation and lactation altered the composition of the maternal and offspring 

microbiota, and yielded offspring with reduced oxytocin-positive neurons in the paraventricular 

nuclei, disrupted dopaminergic long-term potentiation in the ventral tegmental area, and impaired 

social behavior [71]. Critically, the microbiome changes were shown to be causal: co-housing 

offspring of dams fed a high-fat diet with control offspring corrected the microbiome and social 

deficits [71].  Moreover, supplementation with L. reuteri, which was significantly reduced in the 

high-fat diet-associated microbiota, was sufficient to rescue deficits in social behavior, central 

oxytocin expression, and long-term potentiation in the offspring of dams fed the high-fat diet [71]. 

Overall, these studies provide evidence that the gut microbiome may contribute to effects of 

nutrition on neurodevelopment and behavior.   



 

 

19 

 

 

 

Proposed Mechanisms for Microbial Effects on Malnutrition and Neurodevelopment 

Direct signaling mechanisms: Microbiome-dependent metabolites implicated in neuronal 

development 

Metabolites produced or modulated by the gut microbiota have garnered interest for their 

roles in regulating the function of various physiological systems, including the central nervous 

system. In cases of prenatal malnutrition, subsets of metabolites regulated by the maternal 

microbiome are capable of crossing the placenta and interacting with the fetus before birth [72] 

(Fig. 2.1). SCFAs, such as butyrate, propionate, and acetate, are of particular interest, as they 

are direct end-products of microbial fermentation of complex carbohydrates, and are thought to 

be critical players in neurodevelopmental processes such as the early maturation of microglia [30, 

73]. Indeed, human undernutrition has been associated with alterations in SCFAs, amino acids, 

and various microbiota-dependent metabolites across body compartments [64], suggesting that 

microbiome impacts metabolic responses to dietary malnutrition. In a human cohort, levels of 

propionate and butyrate in the maternal serum correlated with levels of the same molecules seen 

in cord blood, highlighting the potential for maternal bioavailability of SCFAs to impact levels seen 

in developing offspring [74]. Supporting a role for SCFAs in modifying neurodevelopment, 

offspring of mice fed a low-fiber diet during gestation exhibited impaired motor and 

learning/memory behavior, increased anxiety-like behavior, and decreased hippocampal 

glutamate receptor subunit expression and excitatory postsynaptic potentials [74]. Furthermore, 

dams on the low-fiber diet had distinct microbiomes, including higher Firmicutes and lower 

Bacteroidetes, as well as lower levels of butyrate and propionate in maternal serum and offspring 

serum and brain [74]. Critically, butyrate supplementation during gestation attenuated 

abnormalities in offspring, seemingly by decreasing histone deacetylase (HDAC) 4 expression in 

the hippocampus [74]. Moreover, in a model of overnutrition (using a diet high in fructose, fat, and 

energy) during gestation and lactation in Yucatan minipigs, dams on a high-fat diet had reduced 



 

 

20 

 

 

fecal SCFAs and increased plasma free fatty acids during gestation, and offspring showed similar 

phenotypes one to three months postnatally [75]. This phenotype in piglets coincided with reduced 

hippocampal neurogenesis, particularly in the granule cell layer, and yet a contradictory increase 

in working and reference memory, which could potentially be explained by a difference in 

motivation for sugary food rewards [75]. Similarly, offspring of mice fed a high-fat diet during 

gestation and lactation displayed impaired long-term and working memory,  less sociability and 

social novelty preference, reduced levels of acetate, butyrate, and propionate, and decreased 

expression of the SCFA receptor Olfr78 as well as genes relating to microglial maturation, 

glutamatergic signaling, neural development, and synaptic plasticity in the prefrontal cortex and 

hippocampus [30]. Furthermore, the microbiome was altered by maternal diet, including specific 

taxa such as S24-7, Bifidobacterium animalis, Prevotella, Clostridiales, and Ruminococcus [30], 

and was shown to be causal to neurological outcomes, as co-housing, fecal-microbial transplants, 

and cross-fostering across diets were effective at ameliorating deficits in the offspring [30]. 

Interestingly, the behavioral, neurophysiological, and bacterial perturbations were rescued by a 

high-fiber diet delivered either maternally or to the offspring post-weaning, and also by acetate 

and propionate supplementation to offspring post-weaning [30]. This suggests a mechanistic role 

for SCFAs in mediating the effect of diet on gut microbiome and brain, as well as an exciting 

override of traditionally understood critical periods with these interventions. These studies suggest 

a role for microbial carbohydrate metabolism in brain development. 

In addition to products from carbohydrate metabolism, microbiome-dependent metabolites 

generated largely from protein metabolism have also been implicated in linking early malnutrition 

to alterations in the nervous system. In cohorts of postnatally acutely malnourished children under 

two and a half years of age from Zambia and Brazil, various gut microbe-related metabolites 

measured in urine – such as 3-indoxyl sulfate [76, 77] and trimethylamine [76], which are 

produced in response to microbial metabolism of L-tryptophan and dietary carnitine, respectively 

– were negatively correlated with measures of enteropathy [76] and growth [77]. 3-indoxyl sulfate 



 

 

21 

 

 

is of particular interest, as it has also been shown to promote the development of fetal 

thalamocortical circuits underlying sensory behavior in mice [78]. Children from Uganda with 

postnatal SAM displayed high levels of even-chain acylcarnitines before treatment [79]. In a mid-

gestational choline deficiency model in pigs, brains of prenatally deficient piglets were smaller 

than controls, and offspring displayed postnatal alterations in microbiota-dependent metabolites, 

such as increased deoxycarnitine [80]. Moreover, a prospective study of 35 mother-infant pairs 

reported that breast milk from obese mothers had differential levels of metabolites compared to 

lean mothers, including various acylcarnitines as well as human milk oligosaccharides (HMOs) 

which are critical for development of an infant’s microbiome [81]. Studies such as these present 

the potential for microbial protein metabolism to be relevant to neurodevelopment.  

Lipid-associated metabolites have also been linked to the infant microbiome and brain 

development [82], and may similarly be altered by maternal malnutrition. In a cohort from Malawi, 

sialylated HMOs were observed to be significantly decreased in mothers of severely stunted 

infants [83]. When sialylated oligosaccharides were supplemented to gnotobiotic mice and piglets 

colonized with a stunted infant’s microbiota and fed a Malawian diet, the animals exhibited 

increased growth and altered metabolites in serum, liver, muscle, and brain, as compared to 

vehicle-treated controls [83]. Particularly affected were N-acetylneuraminic acid, a component of 

gangliosides that is important for synaptic development and function [84], adenosine, which plays 

a role in the neuroimmune system [85], and inosine, a purine nucleoside with neuroprotective 

properties [86]. These changes were shown to be microbiome-dependent, as germ-free animals 

lacked the same positive effects [83]. In a longitudinal study, prenatally overweight/obese mothers 

examined during mid-gestation and their offspring examined at a four-year follow-up had 

significantly reduced plasma ceramides [87], a class of sphingolipids widely modulated by the gut 

microbiome [88]. Notably, sphingolipids play a critical role in neurodevelopment: they form a major 

component of myelin, their expression supports key developmental processes including neuronal 

differentiation, and their depletion results in inappropriate axonal outgrowth and synaptogenesis 



 

 

22 

 

 

[89]. These results suggest that microbiome-dependent changes in lipid-based metabolites may 

interact with the developing brain. Altogether, these studies support the potential for microbially-

modulated metabolites from nutrient catabolism to impact neurodevelopmental processes. 

 

Indirect Signaling Mechanisms: Potential influences of the microbiome on secondary systems that 

impact neurodevelopment   

Aside from regulating dietary metabolites with direct roles in neurodevelopment, the 

microbiome can also interact with host physiology in ways that indirectly alter neurodevelopmental 

trajectories (Fig. 2.1). For example, the microbiome regulates immune development and function, 

and early neuroimmune interactions are integral to healthy perinatal neurodevelopment [7]. 

Models of malnutrition have been linked to both impaired immunity and increased inflammation, 

in relation to alterations in the maternal or developing microbiome [90, 91]. Additionally, activation 

of the maternal immune system during pregnancy, through infection or antigen exposure, has 

been studied in rodents and commonly shown to induce neurodevelopmental and behavioral 

abnormalities. These abnormalities are associated with widespread alterations in the composition 

of the gut microbiome, mediated by maternal colonization with segmented filamentous bacterium,  

an inflammation-promoting member of the gut microbiome [92]. Treatment with Bacteroides 

fragilis, a commensal bacterium that promotes immunosuppression, was shown to ameliorate 

abnormalities resulting from maternal inflammation [93]. Furthermore, interleukin-17a produced 

by gut bacteria-induced Th17 cells was necessary to impart neural and behavioral consequences 

of maternal inflammation [92]. Overall, these studies provide a proof-of-concept that changes in 

the maternal microbiome can alter neurodevelopment by promoting inflammatory responses, and 

further raise the question of whether maternal malnutrition can similarly shape the microbiome in 

ways that influence neurodevelopment through immune-mediated pathways.  

Another potential pathway by which malnutrition-induced alterations in the microbiome 

may impact neurodevelopment is through regulation of stress systems. Numerous studies linking 
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the microbiome to the nervous system have focused on anxiety systems and behaviors, which 

established reproducible roles of the microbiome in regulating hypothalamic-pituitary-adrenal axis 

function [94]. Furthermore, malnutrition can induce a stress response in both humans [79] and 

rodents [33, 37, 41], and stress is a known developmental disruptor: maternal corticosterone 

treatment (at levels analogous to endogenous stressors) reduced placental perfusion and amino 

acid transfer to fetuses [95]. Microbial regulation of responses to environmental stressors can 

indirectly affect neurodevelopment, as in mouse models of prenatal stress, where reduction of 

Lactobacillus species in the maternal vaginal and infant gut microbiomes correlated with altered 

infant metabolites and brain amino acids [96]. In addition, transplants of maternal vaginal 

microbiome contributed to the influence of prenatal stress on gene expression in the 

hypothalamus [97]. Given that the microbiome has been implicated in stress signaling and stress-

based disorders [94], it may be the case that malnutrition-induced stress interacts with the 

microbiome to induce neurodevelopmental changes in offspring. 

 Finally, a burgeoning area of study is the potential for the microbiome to influence early 

epigenetic programming. Indeed, the microbiome has been implicated as a key mediator of 

nutrient metabolism and epigenetic regulation [98]. Microbiome-dependent SCFAs such as 

butyrate play a critical role as HDAC inhibitors [73], and in germ-free mice, long non-coding RNAs 

are differentially expressed in a tissue-specific manner [99]. There is also evidence for epigenetic 

modulation in malnutrition: in a multi-generational study of postnatal protein-energy malnutrition 

during the first year of life in 168 human subjects, 134 regions were differentially methylated based 

on nutritional status, including specific neuropsychiatric risk genes such as COMT, ABCF1, 

SYNGAP1, and IFNG, which were associated with measures of attention and/or IQ [100]. 

Consistent with these phenotypes, rats exposed to protein restriction during gestation showed 

attention deficits, reduced glucose metabolism in the cerebral cortex, and decreased interferon 

gamma expression in the prefrontal cortex [100]. Furthermore, during gestation the nutrient 

choline, along with others such as vitamin B12 and folic acid, modified DNA and histone 
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methylation by providing methyl groups and acting as cofactors [101]. Based on the studies within 

these three domains, it is likely that the microbiome could mediate the impact of maternal 

malnutrition on fetal neurodevelopment through direct or indirect signaling pathways (Figure 1). 

 

Concluding Remarks & Future Perspectives 

 The broadening of perspectives on malnutrition to include the microbiome as a 

contributing factor has begun to illuminate novel biological insights and potential clinical 

interventions. Probiotics, microbiome-targeted foods, and therapeutic microbiome-dependent 

biomolecules are under active investigation as treatments for immediate symptoms and long-term 

repercussions of malnutrition. While perinatal malnutrition and its relationship with the gut 

microbiome and neurodevelopment is increasingly a focus of research, further epidemiological 

and mechanistic investigation is needed (see Outstanding Questions). Large epidemiological 

studies are crucial for investigating the prevalence of not only different types of malnutrition across 

human populations, but associated neurological conditions as well. These would serve to 

establish more rigorous and reproducible associations between particular forms of malnutrition 

and subsets of neurological abnormalities. Furthermore, a critical examination of the current 

paradigms of malnutrition research is required: is it indeed the case that subtypes of malnutrition 

– macronutrient over- versus undernutrition, micronutrient deficiencies, etc. – should be viewed 

as distinct conditions with specific mechanisms and phenotypes? Or should malnutrition instead 

be viewed as a continuum, where the dearth of one nutrient may inherently alter the relative 

abundances of others, and where there may exist common underlying pathways and/or 

phenotypes? Due to the commonly interactive effects of different nutrients, it is rarely possible to 

tease apart the impact of a single aspect of malnutrition independently from others. Subsequently, 

while often not captured in reductionist experimental designs, real-life situations may constitute a 

spectrum of nutritional needs and consequences.  
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Another need is to understand precisely how the gut microbiome informs 

neurodevelopment during malnutrition. The effects may occur via direct mechanisms such as 

metabolite signaling to the developing brain, or indirectly, via mechanisms such as epigenetic 

regulation of genes critical for developmental trajectories. A related question is how these 

relationships interact with other bodily systems, such as the immune and stress responses. Well-

controlled animal experiments and interventional studies in humans that can capture a systems 

or molecular level understanding are necessary to probe these questions further. Advances in 

these areas will also require close cooperation between various societal sectors, including basic-

research scientists, medical professionals, and public health officials. 

Malnutrition often goes hand-in-hand with other socioeconomic, sociocultural, and 

sociopolitical factors that have the potential to disrupt developmental processes. Therefore, 

diversity of experience and opportunity must be taken into consideration when conceptualizing 

the issue of malnutrition and establishing potential solutions. Across a multitude of countries and 

cultures, common risk factors for maternal and child malnutrition and associated conditions are 

apparent, including low income [102], lack of prenatal care [103], and caregiver illness [102] or 

lack of formal education [103]. Based on these clear correlations with social determinants, it is of 

great importance to conduct culture-informed investigations into malnutrition and associated 

conditions. Furthermore, these contextual factors must be taken into account when developing 

and applying public health initiatives and interventions, with the goals of designing equitable 

health policies.  
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Figure 2.1: Conceptual model describing how the maternal gut microbiome may mediate 
effects of malnutrition on early neurodevelopment. Panel 1: Both over- and undernutrition, 
and alterations in ratios of macro- or micronutrients, lead to perturbations in the maternal 
microbiome during gestation. These perturbations include alterations in diversity and relative 
abundances of specific taxa. Panel 2: Changes in maternal nutrition effects circulating 
biomolecules, immune homeostasis and endocrine function. These changes may be mediated by 
observed shifts in the maternal microbiome. Panel 3: These changes in maternal biology can in 
turn directly or indirectly impact the fetus, including the developing fetal brain. Offspring 
malnourished during the prenatal or early postnatal period display impairments in key 
neurodevelopmental processes that can result in persistent abnormalities in brain function and 
behavior, and that may be mediated by microbial processes, either by direct or secondary 
mechanisms.  Please see Table 2.S1 for supporting literature. 
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Sample 

 
 
 
 
 
Country of 
Origin 

 
 
 
 
 
Diet 
Perturbation 

 
 
 
 
 
Microbiome Findings 

 
 
 
 
 
Brain or Behavior 
Findings 

 
 
 
 
 
Source 

Humans Findings – 
Macronutrient 

Deficiency 

3776 2 
year olds  

Brazil  maternal 

BMI pre-
conception or 

 gestational 

weight gain 
 

  language, motor, & 

global delays in girls or 

 language, cognitive, 

& global delays in boys 

[S1] 

118 
children 12-
18 months 
old 

Bangladesh  protein & 

calories 
(MAM); diet 
intervention → 
microbiome-
targeted vs 
standard 

23 taxa correlated with 
weight-for-length (21 

, 2 ) including  P. 

copri   F. prausnitzii  

Bifidobacterium 

species, 21  taxa 

also correlated with 70 

plasma proteins  with 

weight-for-length 

 weight-for-length & 

weight-for-age, 
significant correlations 
between weight-for-
length & 75 plasma 

proteins including  

axon guidance proteins 

 axon guidance 

receptors  

neurotrophic receptors 

[S2] 

77 adults 
(+59 
healthy 
controls) 

Barbados  protein within 

first year of life 
(kwashiorkor 
or marasmus) 
then adequate 

nutrition;  

birth weight 
then catch-up 
growth 

  cognitive flexibility, 

concept formation, 
initiation, verbal 
fluency, working 
memory, processing 
speed, visuospatial 
integration 

[S3] 

1553 3 
year olds 

Mauritius  protein,  

vitamin B2,  

niacin,  iron 

measured by 
angular 
stomatitis, hair 
growth/ 
pigment, 
anemia 

  social behavior, 

mediated by cognitive 
function 

[S4] 

57 youths 
(+60 
healthy 
controls) 

Barbados  protein 

(kwashiorkor 
or marasmus) 
during first 
year  

  cognitive function in 

childhood (IQ, 
attention, exam 

scores),  depressive 

symptoms in 
adolescence  

[S5] 

131 
preterm 
infants 

The 
Netherlands 

Measures of 
weight gain 
and fat, 
calorie, and 
protein intake 

  fat, protein, calories 

→  volume of 

cerebellum, basal 

ganglia/thalamus;   

[S6] 
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protein →  total brain 

volume;  fat, protein, 

calories →  fractional 

anisotropy of posterior 

internal capsule;  

protein →  cognitive & 

motor scores at 2 years 

31 Turkish 
children 3-
36 months 
(+25 
healthy 
controls 3-
48 months) 

Turkey  protein 

(moderate to 

severe),  iron, 

 albumin 

  interval of auditory 

brainstem potentials 
(suggest myelination 
deficits) 

[S7] 

20 children 
3-36 
months 

Turkey  protein 

(moderate to 

severe),  iron, 

 albumin 

  cerebral atrophy 

(75%),  ventricular 

dilation (50%),  

cerebral sulci (25%),  

myelination (6.6%) 

[S8] 

5 children 
7-52 
months 

Nigeria  protein,  

weight,  

edema 
(kwashiorkor) 

  cerebral atrophy,  

ventricular dilation,  

Sylvian fissures & 
basal cisterns, changes 
in paraventricular white 

matter (40%),  

cisterna magna (20%) 

[S9] 

13 infants 
8-24 
months (+7 
healthy 
controls), 
all 
postmorte
m 

Mexico Death by 

severe  

protein-

calories,  

weight 

  apical dendrite 

length,  spines per 

dendrite (in motor, 
somatosensory, 
occipital cortices), 
abnormal spine 
morphology 

[S10] 

49 preterm 
infants 

Switzerland Measures of 
weight gain 
and fat, 
calorie, and 
protein intake 

  lipids, calories →  

volume of total brain, 
basal nuclei, 

cerebellum;  protein, 

carbohydrates →  

total brain volume;   

energy, lipids →   

maturation of posterior 
corona radiata, 
posterior thalamic 
radiations, superior 
longitudinal fasciculus; 

 lipids →   

maturation of superior 
corona radiata, 

corticospinal tract;  

total brain, basal nuclei, 

cerebellum growth →  

psychomotor outcomes 
at 18 months 

[S11] 
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118 adults 
from the 
Dutch 
Famine 
birth cohort 
(30% born 
before 
famine, 
35% 
exposed, 
35% 
conceived 
after 
famine) 

The 
Netherlands 

Prenatal 
exposure to 
Dutch Famine 
during early 
gestation 

  white matter signal,  

grey/white matter ratio, 

 cerebral blood flow in 

cingulate cortex (men), 

 spatial coefficient of 

variation (men) 

[S12] 

118 adults 
from the 
Dutch 
Famine 
birth cohort 
(30% born 
before 
famine, 
35% 
exposed, 
35% 
conceived 
after 
famine) 

The 
Netherlands 

Prenatal 
exposure to 
Dutch Famine 
during early 
gestation 

  intracranial volume 

(men),  brain aging 

(men),  cognitive 

flexibility (men) 

[S13] 

145 adults 
(of which 
65 health 
controls) 

Barbados  protein-

calories, 
(moderate to 
severe 
kwashiorkor or 
marasmus) as 
children, then 
recovery 

  attention,  ADHD 

symptoms, correlations 
between attention 
deficits in childhood 
and adulthood 

[S14] 

168 youths 
11-17 (52 
kwashiorko
r, 56 
marasmus, 
60 healthy 
controls)  

Barbados  protein-

calories, 
(kwashiorkor 
or marasmus) 
during first 
year of life 

  depressive 

symptoms regardless 
of malnutrition type 

[S15] 

64 children 
up to 2 
years old 
(+50 
healthy 
children, 
and 
additional 
twins/triplet
s & family) 

Bangladesh  protein-

calories (SAM 
& MAM) 

 microbial maturity, 

various taxa altered, 
only transiently 
ameliorated by 
nutritional intervention  

 [S16] 

60 children 
14-38 
months 

Bangladesh  growth 

(stunting -  

height for age) 

 microbial diversity,  

pathogenic 

Escherichia coli,  

 [S17] 
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phage diversity, in 
vitro introduction of 
phages of one group 
to bacteria of other 
group alters diversity 
& relative abundances 

17 children 
(+5 healthy 
controls) 

Nigeria & 
Senegal 

 protein 

(kwashiorkor 
or marasmus) 

 microbial diversity,  

Proteobacteria 

(kwashiorkor),  

potentially pathogenic 
species (kwashiorkor), 

 Actinobacteria & 

Bacteroidetes 

(marasmus),   

Firmicutes 
(marasmus) 

 [S18] 

10 children 
(+5 healthy 
controls) 

Nigeria & 
Senegal 

 protein 

(kwashiorkor) 

 microbial diversity,  

Proteobacteria,  

Firmicutes & 

Euryarchaeota,   

anaerobic species 

 [S19] 

69 children Nigeria & 
Senegal 

 protein-

calories (SAM) 

 anaerobic species,  

aerobic species,  

bacterial load,  gut 

redox potential 

 [S20] 

20 children India  protein-

calories (SAM) 

 Roseburia, 

Faecalibacterium, But

yrivibrio,  

Proteobacteria,  

Synergistetes,  

nutrient uptake- and 
metabolism-related 

pathways,  virulence- 

& pathological-related 
pathways & genes 

 [S21] 

87 children 
6-24 
months 

Uganda  protein-

calories 
(SAM), 62% 
with 
kwashiorkor 

 microbial alpha & 

beta diversity (in 
kwashiorkor compared 
to non-) 

 [S22] 

400 
children 8-
25 months 
(+22 
healthy 
controls 6-
59 months) 

Uganda  protein-

calories 
(SAM), 66% 
with 
kwashiorkor  

 Prevotellaceae, 

Lachnospiraceae, 
Ruminoccaceae, 
Clostridiaceae, 
Veillonelaceae, 
Comamonadaceae, 
Pasteurellaceae (in 
kwashiorkor compared 

to non-),  

Enterococcus (in 
kwashiorkor compared 

to non-),  alpha 

diversity (in 

 [S23] 
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kwashiorkor compared 
to non-)  

317 sets of 
twins up to 
3 years old 
& adult 
male 
gnotobiotic 
mice 
transplante
d with 
human 
fecal 
samples 

Malawi  protein 

(kwashiorkor) 

 maturity in humans, 

altered taxa in mice ( 

Bilophila wadsworthia 
& Clostridium 
innocuum), transient 
changes with nutrient 

intervention in mice ( 

Bifidobacteria, 
Lactobacilli, 

Ruminococcus,  

Bacteroidales), 
alterations in fecal & 
cecal metabolites in 

mice ( SCFAs, 

products of 
carbohydrate, amino 
acid, nucleotide, lipid 

metabolism), most  

(only transiently) with 
nutrient intervention 

 [S24] 

71 
malnourish
ed children 
6 months-5 
years old 

Turkey  protein-

calories + 
Lactobacillus 
rhamnosus 
intervention 

 infections, 

hospitalizations,  

weight & prealbumin in 
children who got the 
microbe intervention 

 [S25] 

343 
children 6-
59 months 
& 
gnotobiotic 
C57Bl/6 
mice & 
piglets 
transplante
d with 
human or 
representat
ive 
microbiota 

Bangladesh  protein-

calories & 
nutritional 
intervention 
(SAM → MAM) 

Metabolites altered 
before vs after 
treatment (humans), 
microbiota-targeted 
food altered microbial 
taxa & metabolites 

such as  butyrate 

(mice), transplants + 
microbiota-targeted 
nutrients altered 
microbial taxa & 
metabolic pathways 
(mice),  colonization + 
microbiota-targeted 
nutrients altered 
growth, taxa & serum 
proteins (piglets) 

microbiota-targeted 
nutrients altered brain-
related metabolites 

such as  tryptophan & 

indole-3-lactic acid 
(mice), microbiota-
targeted nutrients 
altered brain 
development-related 
plasma proteins such 

as  axon inhibitors &  

neurotrophin receptors 
& axon guidance cues 
(humans) 

[S26] 

47 & 48 
infants at 6, 
8, and 12 
months 

Mali & 
Nicaragua 

Rice brain-
based 
nutritional 
intervention 

 body length 

(Nicaraguan), 
differential taxonomic 

changes such as  

Lactobacilli species 

(Malian) vs  

Bacteroides species 
(Nicaraguan) & 
differential metabolite 
changes 

 [S27] 
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53 children 
10-18 
months 

India  nutrition – 

30% stunted, 
25% 
underweight, 
12% wasted, 
74% iron 
deficient 

 Proteobacteria,  

Actinobacteria, 

suggests  maturity of 

microbiome and/or  

inflammation;  fat & 

iron →  diversity 

 alpha diversity →  

head circumference 
(females) 

[S28] 

58 
extremely 
preterm 
infants 

United 
States 

 postnatal 

growth (60%) 

 microbial diversity,  

microbial & 
metabolome maturity, 

 Staphylococcaceae 

& Enterobacteriaceae, 

 anaerobic species,  

pathways related to 
fatty acid & lipid 
metabolism 

 head circumference [S29] 

110 
preterm 
infants 

Turkey  birth weight 

+  probiotic 

intervention 

  risk of <10th 

percentile head 

circumference,  

probability 50th-90th 
percentile head 
circumference  

[S30] 

20 children 
6-23 
months 

Zambia  protein- 

calories (SAM) 

 growth →  

enteropathy 
biomarkers, measures 

of gut physiology →  

urinary energy- & 
muscle-related 
metabolites (such as 
3-indoxyl sulfate & 

choline metabolites),  

sucrose excretion 

 [S31] 

326 
children 6-
26 months 
old 

Brazil  weight-for-

age (wasting)  

Urinary metabolites in 
choline, tryptophan, 
microbe-host co-
metabolism pathways, 

 microbial 

proteolysis,  energy 

expenditure ( N-

methylnicotinamide) → 

 catch-up growth 

 [S32] 

77 children 
6 months-5 
years old 

Uganda  protein, 

calories (SAM) 

 acetylcarnitines & 

triglycerides 

 cortisol [S33] 

59 & 215 
mothers of 
stunted 
infants (+29 
& 70 
mothers of 
healthy 
infants) at 6 
months 
postpartum
, male 

Malawi Humans:  

height-for-age 
(stunting) 
Mice & piglets: 
colonized with 
stunted human 
microbiota & 
Malawian diet 
+ sialylated 
milk 

 breastmilk HMOs → 

 infant growth 

(humans),  

oligosaccharides →  

growth (mice), 
alterations in 
transcription of 
microbes such as 
Escherichia coli & 

Bacteroides fragilis (  

central energy 

Alterations in brain 

metabolites  such as  

N-acetylneuraminic 
acid, adenosine, & 
inosine (mice) 

[S34] 
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C57Bl/6J 
GF 5 week-
old mice, 
gnotobiotic 
piglets (3 
per group) 

oligosaccharid
es 

metabolism) (mice),  

serum acylcarnitines 

(mice),   serum non-

esterified fatty acids 

(mice),  cecal & fecal  

N-acetylneuraminic 
acid (piglets) 

Human Findings – 
Micronutrient 

Deficiency 

14 infants 
2-25 
months 

Turkey  vitamin B12   corpus callosum 

(50%),  atrophy 

(42.8%),  myelination 

(14.3%),  Sylvian 

fissures (14.3%) 

[S35] 

30 infants 
30-150 
days 

Turkey  vitamin K 

(late onset) 

  bulging or full 

fontanel (63%),  

collapsed fontanel 

(3%),  intracranial 

hemorrhage (100%),  

extracranial 

hemorrhage (20%),  

intraparenchymal 

hemorrhage (50%),  

subdural hemorrhage 

(13%),  subarachnoid 

hemorrhage (10%) 

[S36] 

168 adults 
from two 
generations 
& Long 
Evans 
hooded 
pregnant 
rats & adult 
offspring (8 
per group) 

Barbados Humans:  

protein-
calories during 
first year of life 
(gen 1 only) 

Rats:  protein 

- 6% casein 
(vs 25% 
casein control 
diet) during 
gestation then  
fostered to 
well-nourished 
dams 

 134 differentially 
methylated regions 
(humans - most gen 1),  
methylation of 
psychiatric risk genes 
correlate with 
measures of attention 

& IQ (humans),  

prefrontal cortex 
interferon gamma 

(rats),  attention (rats) 

[S37] 

Human Findings – 
Macronutrient Surplus 

1361 
pregnant 
women 
(1246 
mother-
child pairs 
at median 
3.2 years, 
1070 at 
median 7.7 
years) 

United 
States 

 maternal 

BMI 

  visual-motor skills 

(partially mediated by 
maternal inflammation) 

[S38] 
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109 
pregnant 
women 26-
39 
gestational 
weeks 

United 
States 

 maternal 

BMI 

  (47%) &  (53%) 

functional connectivity 
between prefrontal 
cortex & left anterior 
insula/inferior frontal 

gyrus,  intra-

hemisphere 

connectivity,  inter-

hemisphere 
connectivity  

[S39] 

129 
pregnant 
women 14-
19 years 
old & 72 
newborns)  

United 
States 

 maternal 

BMI 

  thalamic connectivity, 

 frontothalamic 

connectivity  

[S40] 

81 
mothers-
infant pairs 
& infants 
sampled at 
birth & 6 
weeks 

United 
States 

 fat – 43.1% 

(vs 24.4% fat 
control) during 
gestation 

Neonatal microbiome 
clustered based on 

maternal diet,  

Enterococcus (birth 

only),  Bacteroides 

(birth & 6 weeks) 

 [S41] 

35 mother-
infant pairs 
at 1 & 6 
months 
postpartum 

United 
States 

 maternal 

pregnancy BMI 
(overweight or 
obese) 

Altered metabolites 

such as HMOs ( 2-

fucosyllactose & 

Lacto-N-pentaose I  

Lacto-N-fucopentaose 

II/III) (1 month) &  

acylcarnitines (6 
months) 

 [S42] 

47 mother-
infant pairs  

Mexico  maternal 

pregnancy BMI 
(overweight or 
obese) 

  plasma ceramides 

(mothers at birth & 4 

year olds),  

sphingomyelin 

(mothers)   

sphingomyelin (infants) 

[S43] 

778 
children & 
C57BL/6J 
pregnant 
mice & 
adult 
offspring 

China Humans:  

maternal pre-
pregnancy 
weight 
(overweight or 
obese) 

Mice:  fat 

and/or fiber 
during 
gestation & 
lactation, fecal-
microbial 
transplants 
and cross-
fostering 
across dietary 

groups,  fiber 

in offspring 

Mice:  maternal  fat 

→  S24-7  

Bifidobacterium 

animalis  Prevotella  

Clostridiales, altered 
microbial B-diversity,  

 acetate  butyrate  

propionate,  SCFA 

receptor Olfr78 in 
prefrontal cortex & 
hippocampus, 

maternal  fiber →  

S24-7  

Bifidobacterium 

animalis  Prevotella  

Clostridiales, 5 taxa  

correlated with 
sociability & cognition, 

Humans:  social 

competency (worse in 

boys),  learning 

(associated) 

Mice: maternal  fat → 

 working & long-term 

memory  sociability & 

social novelty,  genes 

related to synaptic 
plasticity, neural 
development,  
glutamatergic signaling, 
microglial maturation in 
prefrontal cortex & 
hippocampus, maternal 

 fiber →  working & 

long-term memory  

sociability & social 

[S44] 
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after weaning, 

 SCFA in 

offspring after 
weaning 

 acetate  

propionate,  SCFA 

Olfr78 in prefrontal 
cortex & 
hippocampus,  

offspring  fiber →  

S24-7 (correlated with 

 long-term memory) 

 Bacteroides 

(correlated with  

long-term memory &  

sociability)  

Ruminococcus 

(correlated with   

memory &  

sociability),  SCFA, 

acetate & propionate 
correlated with taxa,  

offspring  acetate & 

proprionate →  

serum acetate,  

working & long-term 

memory  sociability & 

social novelty,  Olfr78 

in prefrontal cortex & 

hippocampus,  post-

synaptic densities  

microglial interaction & 

maturation  synaptic 

function in prefrontal 
cortex & hippocampus 
 

novelty,  postsynaptic 

densities,  genes 

related to synaptic 
plasticity, neural 
development, 
glutamatergic signaling, 
microglial maturation in 
prefrontal cortex & 
hippocampus,  

maternal FMT from  

fat →  working & long-

term memory  

sociability & social 
novelty,  
cross-fostering or co-

housing →  working & 

long-term memory  

sociability & social 
novelty,  

offspring  fiber →  

working & long-term 

memory  sociability & 

social novelty,  RNA & 

protein synthesis genes 
in hippocampus 
 

Animal Findings – 
Macronutrient 

Deficiency 

Wistar 
pregnant 
rats & adult 
male 
offspring (8 
per group, 
each from 
different 
litters) 

N/A  protein - 

10% isocaloric 
casein diet (vs 
20% casein 
control diet) 
during 
gestation  

  increased learning 

time in operant 

conditioning,  

responses in 
progressive ratio  

[S45] 

Wistar 
pregnant 
rats & adult 
female 
offspring (8 
per group, 
each from 
different 
litters) 

N/A  protein - 

10% casein 
isocaloric diet 
(vs 20% 
casein control 
diet) during 
gestation  

  time & distance in 

open arm of elevated 

plus maze,  entries & 

distance in center of 

open field,  increased 

learning time in operant 

conditioning,  baseline 

corticosterone 

[S46] 



 

 

36 

 

 

Sprague 
Dawley 
pregnant 
rats & adult 
male 
offspring (8 
per group, 
all cross-
fostered by 
control 
dams) 

N/A  protein - 8% 

casein 
isocaloric diet 
(vs 25% 
casein control 
diet) during 
gestation 

  density of B-

adrenoceptors in frontal 

& occipital cortices,  

BDNF protein 
expression in frontal & 

occipital cortices,  in 

vivo LTP in frontal & 

occipital cortices,  

errors in radial arm 

maze,  successes in 

operant conditioning 

[S47] 

Wistar 
pregnant 
rats & adult 
male 
offspring 
(10 per 
group, 
each from 
different 
litters) 

N/A  protein - 

10% casein 
isocaloric diet 
(vs 20% 
casein control 
diet) during 
gestation  

  latency to escape in 

Morris Water Maze,  

entries & time & 
distance in target 

quadrant,  serum 

corticosterone,  

hippocampal CA3 

stratum area,  total, 

thin, mushroom spines 

&  stubby spines of 

basal dendrites 

[S48] 

Sprague 
Dawley 
pregnant 
rats & E16, 
E18, P2 
offspring (8 
per group) 

N/A  protein - 8% 

protein diet (vs 
20% protein 
control diet) 
during 
gestation 

  PDGFRa expression 

(oligodendrocyte 
precursors) in thalamus 

at E18,  PDGFRa 

fluorescence in 
thalamus at P2 

[S49] 

Wistar 
pregnant 
rats & adult 
male 
offspring (8 
per group, 
each from 
different 
litters) 

N/A  protein - 

10% casein 
isocaloric diet 
(vs 20% 
casein control 
diet) during 
gestation 

  entries, time, 

distance in open arm of 
elevated plus maze 

[S50] 

Wistar 
pregnant 
rats &  
adult male 
offspring 
(16 per 
group, all 
cross-
fostered by 
control 
dams) 

N/A  calories - 

~40% of 
control diet 
during 
gestation 

 P2:  brain/body 

weight,  plasma 

corticosterone & CRH, 

 hypothalamic CRH 

mRNA & protein; P40: 

 brain/body weight,  

plasma corticosterone 

& CRH,   

hypothalamic CRH 
mRNA & protein 

[S51] 

Pregnant 
guinea pig 
sows & 
fetal 
offspring 
(delivered 

N/A  calories - 

70% of control 
diet (switch to 
90% mid-
pregnancy) 

  brain weight,  brain 

sparing,  apoptosis in 

paraventricular white 

matter, hippocampus,  

BAX-positive cells in 

CA4,  Bcl-2-positive 

[S52] 
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by c-
section in 
late 
gestation, 
18 per 
group, split 
by sex) 

cells in dentate gyrus, 

 Grp78 (females) 

Pregnant 
baboons 
(6-8 per 
group) & 
E90 fetal 
offspring 

N/A  calories - 

70% of control 
diet 

  SVZ thickness,  

SVZ cell proliferation & 

apoptosis,  S-100B 

protein expression in 

SVZ,  O4 protein 

expression in 
subplate/cortical plate, 

 Golgi protein 

expression in subplate, 

 BDNF gene 

expression,  BDNF & 

IGF-1 protein 

expression,  B-actin 

protein expression in 

cortical plate,  EphB2 

protein expression in 

cortical plate,  MHC-B 

protein expression in 

SVZ,  PSA-NCAM 

protein expression in 

intermediate zone,  

Bcl-2 protein 
expression in SVZ, 
intermediate zone, 

cortical plate,   other 

key cerebral 
development-related 
genes 

[S53] 

MF-1 
pregnant 
mice & fetal 
& adult 
offspring 
(3-5 litters 
per group) 

N/A  protein - 9% 

casein 
isocaloric diet 
(vs 18% 
casein control 
diet) for 
duration of 
gestation or for 
pre-
implantation 
period only 
(E0-E3.5)  

  neurosphere 

formation in ganglionic 
eminences & cortex 

(E12.5, 14.5, 17.5),  

neural stem 
cells/progenitors in 
ganglionic eminence 
cells  

(E12.5, 14.5, 17.5),  

differentiated neurons 
in ganglionic eminence 
cells (E12.5, 14.5, 

17.5),  proliferation in 

ganglionic eminences, 

 apoptosis in 

ganglionic eminences, 

 memory performance 

on novel object 
recognition task (pre-

implantation),  cortical 

[S54] 
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thickness (pre-

implantation),  

Fragile-X-related genes 

GF, 
wildtype, or 
monocoloni
zed BALB/c 
mice P7, 
P14, P56 
(12-20 per 
group) 

N/A  protein, fat, 

vitamins 
beginning at 
P21 

 weight, IGF-1, 

IGFBP-3 in GF 

compared to WT,  

growth hormone in GF 
compared to wildtype, 
L. plantarumWJL strain 
rescued weight & 
hormone phenotypes 
from low nutrients + 
GF 

 [S55] 

Animal Findings – 
Micronutrient 

Deficiency 

Sprague 
Dawley 
pregnant 
rats & P0 
pups (14-
22 per 
group) 

N/A  vitamin D 

during 
gestation 

  dopamine, DOPAC, 

3-MT in basal ganglia, 

 noradrenaline in 

hippocampus, 
hypothalamus, 

thalamus, midbrain,  

serotonin in caudate 
putamen & basal 

ganglia,  5-HIAA in 

prefrontal cortex,  

glutamine in prefrontal 
cortex, caudate 
putamen, 
hippocampus, basal 
ganglia, hypothalamus, 
thalamus, cerebellum, 

 glutamate, GABA, 

aspartate in 

hippocampus,  serine 

in prefrontal cortex, 
basal ganglia, 

midbrain, cerebellum,  

glycine & taurine in 
midbrain  

[S56] 

Sprague 
Dawley 
pregnant 
rats & adult 
offspring 
(25-42 per 
group) 

N/A  vitamin D 

during 
gestation 

  preference for novel 

object in novel object 
recognition paradigm  

[S57] 

Sprague 
Dawley 
pregnant 
rats & male 
offspring 
(12 per 
group) 

N/A  zinc – 2ug/g 

diet (vs 25ug/g 
control diet) 
during 
gestation & 
lactation 

  latency & path length 

to escape in Morris 
water maze, abnormal 
hippocampal neuronal 
ultrastructure 

(suggesting  

apoptosis) 

[S58] 
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C57Bl/6J 
pregnant 
mice & 
male E17 
fetuses (8-
11 per 
group) 

N/A  folate – 

0.0mg/kg folic 
acid diet (vs 
2mg/kg folic 
acid control 
diet) during 
late gestation 
(E11-E17) 

  mitotic cells in 

septum, striatum, 
neocortex, 
hippocampus, 

periventricular zone,  

apoptosis in septum & 
hippocampus 

[S59] 

C57Bl/6J 
pregnant 
mice & 
female 
E18.5 or 6-
8 week 
offspring 
(3-18 per 
group, 
depending 
on assay) 
& 31 
Chinese 
pregnant 
females  

N/A  fiber – 2.3% 

cellulose diet 
(vs 5.5% inulin 
& 2.3% 
cellulose 
control diet) 
during 
gestation  

 Bacteroidetes &  

Firmicutes (dams), 
altered microbial 

diversity (dams),  

serum butyrate & 
propionate (dams & 
offspring), human 
maternal SCFA 
correlate with fetal 
SCFA 

 locomotion,  time in 

center of open field & in 
open arm of elevated 

plus maze,  latency to 

target & errors in 

Barnes maze,  

hippocampal glutamate 

receptor subunits,  

hippocampal 
postsynaptic potentials, 
gestational butyrate → 

 anxiety-like behavior 

 memory  

hippocampal synaptic 
proteins & physiology 

[S60] 

Yorkshire 
sows & 4 
week old 
piglets (8 
per group) 
 

N/A  choline – 

625mg/kg (vs 
1306 mg/kg 
control diet) 
starting in mid-
gestation  

altered metabolites 

such as  

deoxycarnitine 

 relative brain size [S61] 

Animal Findings – 
Macronutrient Surplus 

C57Bl/6J 
pregnant 
mice & 
E17.5 
fetuses (4-
5 
litters/group
, 1-2 
fetus/sex/) 

N/A  fat – 60% 

high-fat diet 
(vs 10% fat 
control diet) 
during 
gestation 

  CD11b+ cells 

isolated from brain,  

microglial TNF-a 
production in response 
to LPS stimulation 
(males)  

[S62] 

C57Bl/6N 
pregnant 
mice & 
adult 
offspring 
(10 males 
& 10 
females per 
group) 

N/A  fat – 60% 

high-fat diet 
(vs 10% fat 
control diet) 
during early 
(E0-E11) or 
late (E12-E21) 
gestation  

  alcohol preference 

(late gestation),  

locomotion in response 

to amphetamine,  

dopamine in dorsal 
striatum (males), NAc 
(both late gestation), 

hypothalamus,  

dopamine in VTA,  

DOPAC in  NAc (early 
gestation), VTA (late 
gestation), dorsal 

striatum,   DOPAC in 

hypothalamus,  HVA 

in NAc & hypothalamus 

[S63] 
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(both males),  HVA in 

ventral tegmental area 
(females) 

Japanese 
macaque 
(Macaca 
fuscata) 

N/A  fat – 36% 

high fat diet 
(vs 13% fat 
control diet) 
during 
gestation & 
lactation 

 Bacteroides & 

Prevotella (dams),  

Spirochetes & 

Treponema (dams),  

Firmicutes 
(Ruminococcus & 

Dialister) (offspring)  

Proteobacteria 
(Campylobacter & 
Heliobacter) 
(offspring), 
Campylobacter 
correlates with 
predictive 
metagenomics for 
nutrient metabolism 
pathways 

 [S64] 

B6129SF2/
J pregnant 
mice & 
offspring at 
1 & 6 
months (45 
total) 

N/A  fat – 58% 

high-fat diet 
(vs 11% fat 
control diet) 
during 
gestation & 
lactation 

 Tenericutes in colon 

(1 month),  

Actinobacteria & 
Proteobacteria in 
colon & cecum (6 

months),  Firmicutes 

in colon & cecum (6 

months),  predictive 

microbial function 
within metabolism 
pathways including 
glutamatergic (6 
months), correlations 
between taxa and both 
maternal diet & 
offspring cognitive 
behaviors, particularly 
Bacteroidetes (6 
months)  

 exploratory & 

memory/cognition 

behavior (6 months),  

cerebral density,  (1 

month) &  (6 months) 

cerebral response to 
insulin  

[S65] 

C57Bl6/J 
pregnant 
mice & 
male 
offspring 7-
12 weeks 
(3-23 per 
group 
depending 
on assay) 

N/A  fat – 60% 

high-fat diet 
(vs 13.4% fat 
control diet) 
during 
gestation & 
lactation 

 microbial diversity, 

altered taxa, 
microbiome-
dependent 
neurological 
impairments & social 
behavior → prevented 
by co-housing & by 
colonizing GF 

 social behavior,  

oxytocin neurons in 

hypothalamus,  

synaptic plasticity in 
dopamine neurons in  

VTA,  marble burying,  

Lactobacillus reuteri 
treatment → rescue 
neurological 
impairments & social 
behavior 

[S66] 

Yucatan 
minipig 
sows & 
piglets (17-

N/A  calorie, fat, 

fructose - 
Western diet 
(125% energy 
of  control diet 

 fecal SCFA,  lipids 

in milk (sows),  

plasma free fatty 
acids,   

 working & reference 

memory in cognitive 

holeboard test,  

granule cell layer  

neurogenesis  

[S67] 
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Table 2.S1: Microbiome and brain changes in perinatal malnutrition. 
IQ: intelligence quotient; ADHD: attention deficit hyperactivity disorder; SAM: severe 
acute malnutrition; MAM: moderate acute malnutrition; GF: germ-free; SCFA: short-chain 
fatty acids; HMO: human milk oligosaccharides; SCFA: short-chain fatty acids; BDNF: 
brain-derived neurotrophic factor; LTP: long-term potentiation; P: postnatal day; 
PDGFRa: platelet-derived growth factor receptor alpha; CRH: corticotropin-releasing 
hormone; mRNA: messenger ribonucleic acid; BAX: bcl-2-like protein 4; Bcl-2: B-cell 
lymphoma 2; Grp78: immunoglobulin heavy chain-binding protein; E: embryonic day; 
SVZ: subventricular zone; IGF-1: insulin-like growth factor 1; EphB2: ephrin type-B 
receptor 2; MHC-B: major histocompatibility complex class B; PSA-NCAM: polysialylated-
neural cell adhesion molecule; IGFBP-3: insulin-like growth factor binding protein 3; VTA: 
ventral tegmental area; NAc: nucleus accumbens; DOPAC: 3,4-Dihydroxyphenylacetic 
acid; 3-MT: 3-methoxytyramine; 5-HIAA: 5-Hydroxyindoleacetic acid; GABA: gamma-
aminobutyric acid; TNF-a: tumor necrosis factor-alpha; LPS: lipopolysaccharide; HVA: 
homovanillic acid.  
 
 
  

65 based 
on assay) 

during 
gestation & 
167% energy 
of control diet 
during 
lactation)  

proliferation in 
hippocampus  

C57Bl/6 
pregnant 
mice at 
E18.5 (5 
per group) 

N/A  fat – 37.1% 

saturated fat 
(vs 23.4% 
control diet) 
throughout 

gestation OR  

calories (30% 
restriction) 
E5.5-E17.5 

Maternal weight 
associated with 
microbial taxa 

abundances,  

Pseudomonadaceae 

(high-fat),  

Catabacteriaceae 

(high-fat),  

Proteobacteria 

(calorie-restriction),  

Porphyromonadaceae 

 [S68] 
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Chapter 3: The maternal microbiome modifies adverse effects of 

protein undernutrition on offspring neurobehavioral impairment in 

mice 
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Abstract: Protein undernutrition is a global risk factor for impaired growth and neurobehavioral 

development in children. However, the critical periods, environmental interactions, and maternal 

versus neonatal influences on programming lasting behavioral abnormalities are poorly 

understood. In a mouse model of fetal growth restriction, limiting maternal protein intake 

particularly during pregnancy leads to cognitive and anxiety-like behavioral abnormalities in adult 

offspring, indicating a critical role for the gestational period. By cross-fostering newborn mice to 

dams previously exposed to either low protein or standard diet, we find that the adult behavioral 

impairments require diet-induced conditioning of both fetal development and maternal peripartum 

physiology, rather than either alone. This suggests that protein undernutrition during pregnancy 

directly disrupts fetal neurodevelopment and indirectly alters maternal state in ways that interact 

postnatally to precipitate behavioral deficits. Consistent with this, maternal protein restriction 

during pregnancy reduces the diversity of the maternal gut microbiome, modulates maternal 

serum metabolomic profiles, and yields widespread alterations in fetal brain transcriptomic and 

metabolomic profiles, including subsets of microbiome-dependent metabolites. Depletion of the 

maternal microbiome in protein-restricted dams further alters fetal brain gene expression and 

exacerbates neurocognitive behavior in adult offspring, suggesting that the maternal microbiome 

modifies the impact of gestational protein undernutrition on risk for neurobehavioral impairment 

in the offspring. To explore the potential for microbiome-targeted interventions, we find that 

maternal treatment with short chain fatty acids or a cocktail of 10 diet- and microbiome-dependent 

metabolites each yield differential effects on fetal development and/or postnatal behavior. Results 

from this study highlight impactful prenatal influences of maternal protein undernutrition on fetal 

neurodevelopment and adverse neurobehavioral trajectories in offspring, which are mitigated by 

microbiome-targeted interventions during pregnancy.   

  



 

 

60 

 

 

Main 

Protein undernutrition is a global risk factor for childhood stunting1, which is co-morbid with 

lasting neurological disabilities, including cognitive impairment and anxiety2–4. In humans and 

animal models, abnormalities in the maturation and function of the gut microbiome contribute to 

malnutrition-induced stunting5, but standard therapeutic foods have limited effectiveness in 

supporting persistent microbial rehabilitation5–7. There is increasing evidence that bacterial 

treatments and custom microbiota-directed diets ameliorate growth restriction in animal models 

of malnutrition and in malnourished children8–11. This raises the prospect of using microbiome-

based treatments to combat malnutrition-induced growth defects. However, current medical and 

nutritional interventions that treat childhood stunting are often inadequate to ameliorate co-morbid 

neurobehavioral impairments12. Individuals who experienced protein-energy malnutrition during 

the first year of life displayed cognitive impairment and depressive symptoms during adolescence 

and adulthood, despite adequate nutritional rehabilitation and growth recovery during childhood13–

16. Similarly, supplementing stunted infants with a milk-based formula failed to ameliorate 

heightened anxiety and cognitive impairments in adolescence3,4. Whether alterations in the 

microbiome contribute to the neurological comorbidities caused by protein undernutrition, and 

whether microbiome-based interventions can be used to ameliorate them, is poorly understood. 

Brain abnormalities, such as cerebral atrophy, ventricular dilation, and myelin-related 

deficits, are seen in protein malnourished infants as young as 3 months of age and through 36 

months of age17,18, highlighting an early critical period during which protein undernutrition impairs 

neurodevelopment. In animal models, restricting protein intake particularly during pregnancy 

yields persistent neurological and neurobehavioral impairments in the offspring, including 

abnormalities in neuronal proliferation and apoptosis19, neocortical activity20, hippocampal 

morphology21, learning and memory, and anxiety-like behaviors19–22. These results indicate that 

adverse neurological consequences of protein undernutrition can originate from gestational 

influences23. In considering potential contributions of the microbiome, evidence from animal 
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models indicate that alterations in the maternal microbiome contribute to adverse effects of 

immune activation, stress, and high-fat diet on neurological and behavioral deficits in the 

offspring24–26, either by directing fetal neurodevelopment during pregnancy27,28 or by shaping early 

postnatal neural development via vertical transmission at birth and postpartum28,29. These findings 

align with human studies reporting that alterations in the maternal microbiome during pregnancy 

are associated with abnormalities in offspring behavior30,31 and that postpartum nursing supports 

cognitive, language, and microbiome development in the first years of life32. However, 

mechanisms by which maternal protein undernutrition leads to lasting neurobehavioral deficits in 

the offspring, and how these processes may be modified by the microbiome, are unknown.  

Herein, we examine effects of maternal protein undernutrition during pregnancy on 

maternal-fetal health and offspring behavior in mice. We use a cross-fostering paradigm to 

evaluate the ability of maternal protein restriction to directly alter fetal neurodevelopment and 

indirectly condition maternal physiology to engender lasting cognitive and anxiety-related 

behaviors in adult offspring. We profile effects of maternal protein restriction on the maternal 

microbiome, and further assess the impact of maternal microbiome depletion and microbial 

metabolite supplementation on maternal-fetal and offspring behavioral responses to maternal 

protein restriction. Results from this study highlight the importance of the gestational period in 

protein undernutrition altering both maternal health and fetal developmental trajectories. 

Furthermore, results reveal a role for the maternal microbiome in modulating the severity of fetal 

developmental and adult neurobehavioral impairments induced by maternal protein 

undernutrition. These advances in illuminating molecular underpinnings of adverse behavioral 

outcomes of protein undernutrition could potentially lead to new approaches to ameliorate 

neurological disorders that co-occur with impaired growth in malnourished children.  

 

Results 
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Maternal protein restriction yields behavioral abnormalities in adult offspring by altering both fetal 

development and maternal postpartum physiology  

Protein undernutrition is associated with both childhood stunting and neurological 

dysfunction, but the etiopathogenesis of lasting neurobehavioral deficits remains poorly 

understood. To explore this relationship, we first evaluated effects of maternal protein restriction 

particularly during pregnancy on behavior in adult offspring. To model maternal protein 

undernutrition, male and female C57Bl/6J mice were fed a 6% protein diet (protein restriction, PR) 

or 20% protein control diet (CD) for 2 weeks prior to timed-mating and throughout gestation (Fig. 

3.1a). PR and CD formulations were isocaloric, where the 14% protein content lacking in PR was 

replaced by carbohydrates, mainly sucrose and cellulose ( Fig. 3.S1a, Table 3.S1). Consistent 

with existing literature using this paradigm as a model of fetal growth restriction (FGR)33,34, 

maternal consumption of a PR diet prior to and throughout pregnancy resulted in reduced fetal 

weight at late gestation (embryonic day (E) 18.5) and maternal net weight loss with no difference 

in diet consumption, in addition to elevated maternal serum corticosterone and reduced litter size 

at birth (Fig. 3.S1b-f). These findings suggest a state of maternal physiological stress. 

To decouple lasting effects of maternal protein restriction during pregnancy on maternal 

postpartum physiology versus fetal neurodevelopment, pups were cross fostered at birth to dams 

gestationally exposed to PR or CD to form the following groups: CD pups fostered to CD dams 

(CD → CD), PR pups fostered to CD dams (PR → CD), CD pups fostered to PR dams (CD → 

PR), PR pups fostered to PR dams (PR → PR) (Fig. 3.1a). Moreover, to examine effects of 

maternal protein undernutrition, specifically during pregnancy, on postnatal health of the offspring, 

PR-fed dams were switched to CD at parturition, and all pups were reared on CD from birth in 

order to isolate PR to the gestational period. Of all the experimental groups, PR pups fostered to 

PR dams exhibited the smallest litter sizes by weaning age (Fig. 3.S1g) and the lowest total litter 

survival at 26.5% (Fig. 3.S1h). CD pups fostered to PR dams exhibited intermediate reductions 

in litter survival to 46.7%, whereas PR pups fostered to CD dams exhibited 100% survival, as did 



 

 

63 

 

 

CD pups fostered to CD dams. These results indicate that offspring survival is determined by an 

interaction between direct effects of gestational PR on fetal health and indirect effects of 

gestational PR on maternal health persisting into the postnatal period. It further indicates that 

gestational PR-induced alterations in maternal, but not fetal health, are sufficient to reduce 

offspring survival. There were no significant differences in pup weights in the first two weeks of 

life (Fig. 3.S1i), suggesting that fetuses from PR dams exhibit weight recovery with postnatal 

rearing on CD.  

To assess lasting effects of maternal protein restriction during pregnancy on adverse 

neurobehavioral outcomes in the offspring, fostered offspring were weaned, reared to adulthood, 

and tested in behavioral assays related to anxiety and cognition (Fig. 3.1b). The open field assay 

is a benchmark test for stress-induced thigmotaxis as an endophenotype of anxiety-like 

behavior35,36. Adult PR offspring previously fostered to PR dams and reared since birth on CD 

(PR→PR) displayed significantly reduced time and distance in the center of open field (Fig. 3.1c-

d), as compared to other experimental groups, with no difference in average speed or total 

distance traveled (Fig. 3.S2a). This anxiety-like phenotype was more striking in females than 

males, with postnatal influence of CD rearing appearing to be sex-discriminatory (Fig. 3.S2b). 

This female-bias in anxiety-like response was similarly reported in a multi-hit pre- and postnatal 

adversity model37. This finding suggests that adverse postnatal interactions between maternal 

and fetal responses to gestational PR lead to anxiety-like behavior. The Barnes maze test is a 

benchmark assay of spatial learning and memory38, wherein mice are trained over repeated trials 

to identify which out of 20 holes contains an escape box (acquisition phase) and their ability to 

recall the spatial location of the escape is tested in a final probe trial 24 hours post-training. During 

the acquisition phase, adult PR→PR offspring exhibited increased latency to escape (Fig. 3.1e), 

but no significant difference in primary latency to target zone (Fig. 3.1f), suggesting deficient 

learning. During the probe phase, these PR→PR offspring displayed increased time in the target 

zone (Fig. 3.1g), but no significant difference in errors made (Fig. 3.1h), suggesting adequate 



 

 

64 

 

 

24-hour recall, but increased perseveration. There were no overt sex differences in cognitive 

deficits seen in offspring of PR-fed dams (Fig. 3.S2c-f). These findings suggest that maternal PR 

during pregnancy alters both maternal physiology and fetal development in ways that interact 

postnatally to engender lasting behavioral impairments in offspring with adequate postnatal 

nutrition.  

 

Maternal protein restriction alters functional signatures in the fetal brain 

Maternal malnutrition can alter the trajectory of fetal neurodevelopment to result in long-

term changes in brain function and behavior19–22. To uncover mechanisms by which maternal 

protein undernutrition programs adverse behavioral outcomes in the offspring, we first examined 

the effects of maternal PR on E18.5 fetal brains by transcriptomic profiling. We identified 505 

significantly up-regulated and 423 significantly down-regulated genes in response to maternal PR 

(Fig. 3.2a). By gene ontology analysis, the upregulated genes related to biological processes 

such as neuronal apoptosis (reported to be increased in fetal brain following protein restriction19), 

ion and amino acid transport, and response to growth factor (Fig. 3.2b), suggesting compensatory 

mechanisms related to brain sparing33,39. Downregulated genes related to biological processes 

such as T-cell differentiation and nervous system development potentially highlight immune or 

neuroimmune disruptions, as previously implicated in malnourished children40. Particular 

neurobehaviorally-relevant genes were significantly altered in fetal brains from PR dams, 

including downregulated serotonin transporter (Slc64a) and serotonin receptor (Htr3a), insulin-

like growth factor 1 (Igf1), which modulates anxiety and stress response41, and Ataxin 1 (Atxn1), 

related to learning and hippocampal deficits42. Conversely, activity-dependent neuroprotective 

protein (Adnp), implicated in cognitive and social impairments and stress response43, and 

dopamine beta hydroxylase (Dbh), relevant to learning and memory44 were upregulated in fetal 

brains from PR dams.  
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These PR-induced alterations in fetal gene expression corresponded with widespread 

changes in levels of fetal brain metabolites. Liquid chromatography tandem mass spectrometry-

based metabolomic profiling of E18.5 brains yielded detectable levels of 681 identified 

compounds, spanning amino acid, peptide, carbohydrate, energy, lipid, nucleotide, cofactor and 

vitamin, and xenobiotic super pathways. By principal component analysis, metabolomic profiles 

of fetal brains from PR dams were clearly discriminated from CD controls along PC1 (Fig. 3.2c), 

with statistically significant alterations in 220 metabolites. The most highly affected metabolite 

classes were amino acids (98) and lipids (84) (Fig. 3.2d). Of the amino acid-related metabolites 

that were significantly altered in fetal brains from PR dams relative to CD controls, 50% were 

increased (and 50% were decreased), suggesting complex regulation of amino acids. By 

comparison, we further profiled metabolomics in maternal serum and found 332 serum 

metabolites that were statistically significantly altered by PR consumption (Fig. 3.S3a). As in fetal 

brains, the majority were amino acids (107) and lipids (144) (Fig. 3.S3b). However, in contrast to 

fetal brains, the alterations in amino acid-related metabolites seen in maternal serum were mostly 

reductions (81.3%, as compared to 50% in fetal brain), which is consistent with low protein intake 

and evidence of fetal brain sparing39. In line with this, all essential amino acids and glucose 

showed significant reductions in PR maternal serum compared to CD (Fig. 3.S3d-m). However, 

glucose, lysine, and phenylalanine showed no significant difference between PR and CD fetal 

brain, and tryptophan showed a significant increase in PR fetal brain compared to CD, further 

supporting a metabolite-specific brain-sparing phenotype. (Fig. 3.S3d, h, j, l).  

By metabolite set enrichment analysis, fetal brain metabolites that were reduced by 

maternal PR mapped to 14 metabolic pathways, with histidine metabolism, glycine and serine 

metabolism, methionine metabolism, and homocysteine degradation persisting after statistical 

correction (Fig. 3.2e). The fetal brain metabolites that were increased by maternal PR mapped to 

4 pathways, including pyrimidine metabolism and tryptophan metabolism, although none survived 

statistical correction (Fig. 3.2e). Similar to fetal brain metabolites, maternal serum metabolites 



 

 

66 

 

 

related to pyrimidine metabolism were upregulated by PR, whereas pathways related to 

tryptophan metabolism and valine, leucine, and isoleucine degradation were downregulated (Fig. 

3.S3c). The most severely depleted individual metabolites in PR fetal brains included urea (10.1% 

the levels of CD fetal brains), a product of protein catabolism, and hypotaurine (24.0% the levels 

of CD fetal brains), a precursor of taurine, which directly supports synaptic formation and 

transmission in the developing brain45. Conversely, PR fetal brains had a 276.9% increase in 

corticosterone, which is consistent with increased corticosterone in maternal serum by ELISA 

(Fig. 3.S1e). Synthetic corticosteroids which mimic glucocorticoid activity during gestation have 

been previously reported to impair hippocampal synaptic development in primates46, and 

myelination and brain growth in sheep47,48. Furthermore, maternal cortisol has been correlated 

with sex-specific amygdala connectivity and internalizing symptoms in humans49. Taken together, 

these results indicate that maternal protein undernutrition during pregnancy modifies 

transcriptional and metabolomic profiles in the late gestational fetal brain, which can contribute to 

fetal neurodevelopmental programming in ways that interact postnatally with maternal factors to 

yield behavioral abnormalities in adult offspring.  

 

Murine maternal protein restriction and human fetal growth restriction are associated with reduced 

diversity of the maternal and infant gut microbiome   

Maternal behavioral and physiological care during early life has profound and persistent 

effects on offspring neurobehavioral development50,51. Results from our cross-fostering 

experiments indicate that PR-induced alterations in offspring behavior require antenatal exposure 

of both fetuses and mothers to PR during gestation (Fig. 3.1). To gain insight into how protein 

undernutrition during pregnancy impacts maternal health to disrupt offspring behavioral 

development, we first tested dams for postpartum behavior related to maternal care. The pup 

retrieval test is a benchmark behavioral assay that assesses the mother’s response to retrieve 

pups upon their removal from the nest52,53. There were no statistically significant differences 
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between PR and CD dams in their latency to full retrieval of their fostered pups, either PR or CD 

(Fig. 3.S1j). Consistent with this, there were no differences in pup righting reflex or ultrasonic 

vocalizations upon maternal separation (Fig. 3.S1k-l). These results suggest no overt difference 

in pup-directed maternal care across dams previously fed PR or CD during pregnancy.  

In addition to maternal care, the maternal gut microbiome is increasingly appreciated for 

its roles in promoting healthy neonatal development by supporting nutrition and immune 

development23,54. Alterations in the maternal microbiome, observed in various models of 

malnutrition55,56, can disrupt early neurodevelopment and elicit lasting changes in offspring 

behavior24,25,27,28,30,31,57,58. To determine effects of protein restriction on the composition of the 

maternal gut microbiota, we performed 16S rRNA gene sequencing of fecal samples collected 

over the course of gestation from dams fed PR or CD. Consistent with previous reports59 bacterial 

alpha-diversity increased with pregnancy in CD-fed dams (Fig. 3.3a). However, this was 

prevented by PR, as fecal microbiota from PR dams displayed significantly decreased Shannon 

diversity [a measure of both richness (the number of different species) and evenness (the amount 

within each species)] and Pielou’s evenness as compared to CD controls (Fig. 3.3a). Principal 

coordinates analysis of weighed Unifrac distances discriminates microbiota from PR dams away 

from CD controls by E10.5 (Fig. 3.3b). Differences in beta diversity were driven by statistically 

significant alterations in the relative abundances of 31 bacterial taxa (Fig. 3.3c), which were 

dominated by Clostridia species. Reductions align with the finding that Clostridia are the main 

metabolizers of dietary protein and amino acids60. Altogether, these results indicate that maternal 

protein undernutrition during pregnancy reduces diversity of the maternal microbiota, which 

corresponds with alterations in functional profiles in the fetal brain and neurobehavioral deficits in 

adult offspring despite being reared on a standard protein diet since birth. 

Microorganisms from the maternal microbiota seed the infant gut microbiota at birth, 

serving as initial colonizers that inform infant metabolic and immune development29. We find in 

the maternal protein restriction mouse model for FGR that alterations in the maternal microbiota 
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precede the development of neurobehavioral abnormalities in adult offspring. To gain insight into 

whether similar relationships are seen in a related human condition, we examined associations 

between the early life microbiome and neurocognitive outcomes in individuals from a cohort of 

preterm infants with or without FGR. Compared to 37 non-FGR preterm controls, 16 FGR preterm 

infants exhibited decreased alpha diversity of the fecal microbiota, with reduced Shannon diversity 

at week 3 of life, but no difference in subsequent weeks (Fig. 3.3d), suggesting delayed 

maturation of the gut microbiome. Taxonomic data did not show visible clustering of FGR vs non-

FGR samples by principal coordinates analysis (Fig. 3.3e), indicating no widespread alterations 

in beta diversity. However, FGR samples exhibited significant alterations in select bacterial taxa, 

with increased Staphylococcus at 2 weeks of life (Fig. 3.3f). These alterations in microbiota were 

not attributable to statistically significant differences in infant sex, pregnancy induced 

hypertension, mode of delivery, day of life for first enteral feed, number of days on parenteral 

nutrition, antibiotics before or after delivery, early or late onset sepsis, or necrotizing enterocolitis 

(the latter showed a negative trending correlation with Staphylococcus) (Fig. 3.3g). When 28 non-

FGR preterm infants were compared to 15 FGR preterm infants in a follow-up across 24 months 

corrected gestational age, the FGR subset scored significantly lower in the cognitive composite 

score on the Bayley Scales of Infant and Toddler Development III (BSID III), which is used to 

assess and diagnose developmental delays61 (Fig. 3.3h). Compared to non-FGR preterm 

controls, FGR preterm infants exhibited no statistical difference in language composite scores 

and a trending decrease in motor composite scores (Fig. 3.3h). In the subset of participants with 

both microbiota and BSID III outcome measures (15 non-FGR and 10 FGR), Shannon diversity 

at 3 weeks of life correlated positively with the language composite score at 12 months corrected 

gestational age and the cognitive composite score at 18-24 months corrected gestational age, 

while Staphylococcus at 2 weeks of life correlated negatively with cognitive composite score at 6, 

12, and 18-24 months corrected gestational age, and trended towards a negative correlation with 

the motor composite score at 6 months corrected gestational age (Fig. 3.3i). Staphylococcus-
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dominated microbiota in preterm infants has previously been correlated to developmental delays 

and poor health outcomes62. Overall, these results reveal associations between human FGR, 

reduced alpha diversity of the early life gut microbiota, and reduced scores in infant 

neurodevelopmental measures, particularly in the cognitive domain. Despite the heterogenous 

nature and limited sample size of this human FGR cohort, and the difference in sampling 

timepoint, these findings mirror our observations from the maternal protein restriction mouse 

model for FGR.  

 

Depletion of the maternal gut microbiome modifies effects of dietary protein restriction on 

functional signatures in the fetal brain 

The maternal gut microbiome guides normal fetal neurodevelopment and modifies effects 

of maternal environmental exposures, such as immune activation, antidepressant treatment, and 

prenatal stress on the fetal brain24,25,58,63. To examine influences of the maternal gut microbiome 

on fetal neurodevelopmental responses to maternal protein undernutrition, we examined 

functional signatures in the fetal brain after depletion of the maternal microbiome in PR-fed dams. 

Dams were treated with a cocktail of broad-spectrum antibiotics (ABX) by oral gavage twice daily 

for one week before breeding, and subsequently maintained on ABX in water throughout 

gestation27,64 (Fig. 3.4a). RNA sequencing revealed 1564 genes that were differentially expressed 

in E18.5 fetal brains from ABX-treated dams fed PR compared to conventional PR controls 

(specific pathogen free, SPF PR) (Fig. 3.4b), suggesting widespread fetal brain responses to 

depletion of the maternal microbiome. Of these, only 160 (10.2%) of the genes differentially 

expressed by maternal ABX treatment were similarly dysregulated by maternal PR relative to CD 

controls (Fig. 3.4b). By gene ontology analysis, fetal brain genes that were upregulated by ABX 

and PR mapped to pathways related to central nervous system development, neuron migration, 

synapse organization, and cellular response to amino acid starvation, whereas downregulated 

genes mapped to pathways including cerebral cortex and hippocampal development, as well as 
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neuron migration (Fig. 3.4c). The minor overlap between the ABX and PR sets of differentially 

expressed genes suggests that the maternal microbiome has widespread influence on fetal brain 

gene expression that modifies responses to maternal protein restriction, but is unlikely to mediate 

adverse effects of maternal protein restriction.  

In addition to modifying the fetal brain transcriptome, depleting the maternal microbiome 

in protein undernourished dams altered fetal brain metabolomic profiles. E18.5 brains from 

fetuses of antibiotic-treated PR dams exhibited significant alterations in 70 metabolites relative to 

SPF PR controls (Fig. 3.4d). Of these, 40 metabolites overlapped with those altered by maternal 

PR relative to CD controls, reflecting 18.2% of metabolites altered by PR relative to CD (Fig. 

3.4d). Metabolites altered by ABX were primarily amino acids (47.1%) and lipids (28.6%) (Fig. 

3.4e), with significantly reduced metabolites mapping to 8 pathways, including phenylacetate 

metabolism (Fig. 3.4f). Maternal ABX-induced reductions in fetal brain metabolites related to 

glutamate metabolism, and glycine and serine metabolism (Fig. 3.4f), were similarly seen with 

maternal PR relative to CD (Fig. 3.2e), suggesting an exacerbating effect of maternal microbiome 

deficiency on these PR-induced alterations in the fetal brain. This finding is in line with work 

suggesting a role for the gut microbiome in supplying the host with essential amino acids65. 

Metabolites that were significantly elevated by depletion of the maternal microbiome mapped to 

7 pathways, including taurine and hypotaurine metabolism and homocysteine degradation (Fig. 

3.4f). Taken together, these results suggest that the diversity of the maternal microbiome alters 

the fetal brain in ways that modify effects of maternal protein undernutrition on offspring 

neurodevelopment. 

 

Microbiome-based interventions during pregnancy differentially modify adverse effects of 

maternal protein restriction on offspring growth or behavior 

  Alterations in the maternal microbiome during pregnancy are increasingly associated with 

impaired fetal and postnatal development of the offspring27,30,31,66, raising the question of whether 
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manipulating the maternal microbiome during pregnancy can change offspring health trajectories. 

We found that maternal protein restriction alters maternal health status, including reductions in 

diversity of the maternal microbiota, which interacts with fetal development to yield abnormal 

behavior in adult offspring. Following the observation that ABX microbial depletion modifies PR-

indued fetal brain signatures, we aimed to assess causal effects of the maternal microbiome 

during pregnancy on offspring developmental responses to maternal protein restriction. To this 

end, we investigated growth and behavior of offspring reared from ABX-treated and PR-fed dams, 

fed CD at birth, and cross-fostered to untreated SPF dams fed PR during pregnancy (Fig. 3.5a). 

This experimental design isolates the effect of maternal microbial depletion and PR to the 

pregnancy period, and evaluates their influences on offspring developmental programming. There 

was no significant effect of maternal microbial depletion on PR-induced reductions in fetal size, 

maternal gestational weight loss, or maternal diet consumption (Fig. 3.S4a-c). However, there 

was a partial attenuation of PR-induced elevation of maternal serum corticosterone levels at 

E18.5 (Fig. 3.S4d).  This corresponded with a trending decrease in litter size (Fig. 3.S4e), despite 

overall increases in rates of litter survival at weaning (Fig. 3.S4f). Offspring of microbiota-depleted 

dams fed PR during pregnancy exhibited gradual sub-significant reductions in postnatal weight 

over the first two weeks of life (Fig. 3.S4g), with statistically significant decreases in weight by 

adulthood despite being fed CD since birth (Fig. 3.S4h). Maternal microbiome depletion and 

protein restriction during pregnancy yielded adult offspring with anxiety-like behavior that was not 

statistically different from that seen in control offspring from SPF and PR-fed dams (Fig. 3.S5a 

and 3.S6a). However, adult offspring of ABX PR dams exhibited exacerbated learning deficits, 

with increased latency to target zone during the acquisition phase of the Barnes maze assay 

relative to cognitively impaired control offspring of SPF dams fed PR (Fig. 3.5b). In other 

parameters of the Barnes maze test, offspring of microbiome-depleted and PR-fed dams exhibited 

deficiencies in performance that were not statistically significantly different from those seen in 

control offspring from PR-fed SPF dams (Fig. 3.S5b-d). When analyzing data for male and female 
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offspring separately, male offspring were especially affected by maternal microbiome depletion, 

with more pronounced exacerbation of cognitive behavior, which did not reach statistical 

significance (Fig. 3.S6b-e). These results indicate that further reducing the diversity of the 

maternal microbiome, as shaped by protein restriction during pregnancy, yields offspring 

developmental programs that lead to deficient postnatal weight gain and exacerbated cognitive 

impairment during adulthood. These findings further suggest that interventions to improve the 

diversity and function of the maternal microbiome may aid in preventing the adverse effects of 

maternal protein undernutrition on offspring growth and behavior.    

Short chain fatty acids (SCFAs) produced by bacterial fermentation of complex 

carbohydrates promote normal gastrointestinal and immune function67,68, and their 

supplementation is reported to counter adverse effects of high fat or low fiber diets on behavioral 

development55,56. To explore potential microbiome-based interventions for preventing adverse 

effects of maternal protein undernutrition on offspring growth and behavior, we first tested 

supplementation with SCFAs, which we previously utilized to prevent placental insufficiencies 

induced by maternal protein restriction64. PR-fed dams were supplemented with a cocktail of 

SCFAs (acetate, butyrate, and propionate), or a sodium-matched vehicle control, in water 

throughout gestation64 (Fig. 3.S7a). There were no significant effects of maternal SCFA 

supplementation during pregnancy on maternal PR-induced reductions in fetal and maternal 

weight and elevations in maternal serum corticosterone, despite significant effects of SCFA 

supplementation on increasing maternal dietary intake (Fig. 3.S7b-e). Maternal SCFA 

supplementation had no statistically significant effects on litter size at birth, but modestly 

increased rates of litter survival postnatally, and promoted a gradual increase in pup weight over 

the first two weeks of life, which was reversed in adulthood (Fig. 3.S7f-i). Consistent with our 

previous observations (Fig. 3.1), adult offspring of vehicle-treated and gestational PR-fed dams 

exhibited anxiety-like behavior in the open field and cognitive impairment in the Barnes maze 

despite rearing since birth on CD (Fig. 3.S8a-e). There were no statistically significant effects of 
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maternal SCFA supplementation on the behavioral abnormalities induced by maternal PR during 

pregnancy (Fig. 3.S8a-e, 3.S9a-e). These results indicate that while maternal SCFA 

supplementation during pregnancy may effectively prevent adverse effects of maternal protein 

restriction on placental development64 and promote early postnatal growth (Fig. 3.S7h), it fails to 

avert diet-induced neurodevelopmental programming of behavioral abnormalities in adult 

offspring. This aligns with human studies, wherein children subject to early life protein 

undernutrition remain at risk for mood and neurocognitive disorders despite subsequent nutritional 

rehabilitation and adequate postnatal growth13–16. 

The maternal microbiome regulates numerous metabolites in the maternal blood, fetal 

blood, and fetal brain, a subset of which aid in guiding normal fetal neurodevelopment23,27,64. We 

further explored the possibility that microbial metabolites aside from SCFAs could be used to 

attenuate adverse effects of maternal protein undernutrition on offspring development. To do so, 

we identified 10 microbially-modulated metabolites (10M: 3-indoxul sulfate, phenylacetylglycine, 

imidazole propionate, alpha-hydroxyisocaproate, 2-hydroxy-3-methylvalerate, alpha-

hydroxyisovalerate, 1-methylhistamine, beta-hydroxyisovalerate, 2R, 3R-dihydroxybutyrate, and 

N-acetylleucine) that were reduced in the fetal brain by maternal PR, similarly reduced by 

maternal PR in maternal serum, and additionally altered by maternal ABX treatment, indicating 

dependence on the maternal microbiome (Fig. 3.5c). Pregnant dams were fed PR and treated 

with 10M, or vehicle control, throughout gestation via a daily subcutaneous injection (Fig. 3.5d). 

There were no statistically significant effects of maternal 10M supplementation on PR-induced 

reductions in fetal weight, maternal weight, and maternal food consumption (Fig. 3.S10a-c). 

However, maternal 10M supplementation significantly attenuated PR-induced increases in 

maternal serum corticosterone and drastically increased offspring survival (Fig. 3.S10d, f), with 

no effect on litter size at birth, pup weight, or adult weight (Fig. 3.S10e, g-h). Adult offspring of 

vehicle-treated dams fed PR exhibited anxiety-like behavior in the open field and cognitive 

behavioral impairment in the Barnes maze (Fig. 3.S11a-e), which reproduced effects of maternal 
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protein undernutrition that were seen in initial PR experiments (Fig. 3.1) and in vehicle control 

groups for SCFA treatment (Fig. 3.S8). Adult offspring of 10M-supplemented and PR-fed dams 

displayed sexually dimorphic behavioral responses relative to control offspring of vehicle-treated 

and PR-fed dams (Fig. 3.5e-h, Fig. 3.S12a-b). In particular, female offspring of 10M-

supplemented dams exhibited increased time and distance in the center during open field test 

without any motor effects (Fig. 3.5e-f, Fig. 3.S11a)), suggesting reduced anxiety-like behavior 

which aligns with the female-bias in anxiety-like behavior seen in response to maternal PR (Fig. 

3.S2b). In contrast, male offspring of 10M-supplemented dams exhibited increased time in target 

zone and decreased errors during the probe phase of Barnes maze (Fig. 3.5g-h), suggesting 

better 24-hour recall without an effect on learning during the acquisition phase (Fig. 3.S11b-e, 

3.S12a-b). These results indicate that maternal 10M supplementation during pregnancy partially 

attenuates adverse effects of maternal protein undernutrition on abnormal cognitive and anxiety-

related behavior in adult offspring in a sex-specific manner. These sex- and domain-specific 

improvements are seen in the absence of normalized fetal or postnatal growth, again providing 

evidence that amelioration of neurobehavioral trajectories can occur independently of restoration 

of physical growth.  

 

Discussion 

Findings from this study identify the maternal microbiome as a modifier of adverse 

neurological outcomes in offspring of protein undernourished dams. Maternal protein restriction 

reduces diversity of the maternal microbiome and elicits widespread alterations in maternal-fetal 

metabolomic profiles and fetal brain gene expression, including subsets of maternal microbiome-

dependent metabolites and genes. Further depleting the maternal microbiome of protein-

restricted dams substantially alters transcriptomic and metabolomic profiles in fetal brains, where 

only a small fraction of metabolites and genes differentially regulated by maternal microbiome 

depletion overlap with those altered by protein restriction alone. Furthermore, depleting the 
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maternal microbiome exacerbates cognitive, but not anxiety-like, behavioral impairments 

observed in adult offspring of protein-restricted dams. These results suggest that wholesale 

depletion of the maternal microbiome elicits select brain and behavioral changes in offspring of 

protein-restricted dams through mechanisms that are largely independent of those caused by 

maternal protein restriction alone. As such, reductions in microbial diversity likely modify, but do 

not directly mediate, adverse effects of maternal protein restriction on offspring 

neurodevelopment. These findings may have translational implications, as human preterm infants 

with FGR display early postnatal decreases in microbial diversity which correlate with reduced 

infant cognitive scores compared to non-FGR counterparts. 

We find that supplementing protein-restricted dams with a cocktail of ten diet- and 

microbiome-dependent metabolites during pregnancy prevents anxiety-like behavior and 

cognitive impairment in their adult offspring. The metabolites were selected based on their 

significant decreases in both fetal brain and maternal serum of protein-restricted dams compared 

to standard protein-fed controls, and their further modulation by depletion of the maternal 

microbiome. It is unclear precisely how 10M is acting to protect offspring from behavioral 

impairments induced by maternal protein undernutrition. However, many of these metabolites 

have been previously shown to support neurological and behavioral functioning, in addition to 

being linked to the gut microbiome. Five of the ten metabolites (alpha-hydroxyisocaproate, 2-

hydroxy-3-methylvalerate, alpha-hydroxyisovalerate, beta-hydroxyisovalerate, and N-

acetylleucine) are dietary catabolites of the branched chain amino acids (BCAAs) leucine, 

isoleucine, and valine. The gut microbiota is capable of both producing and breaking down 

BCAAs69. BCAAs are also implicated in neural development and function following insult: alpha-

hydroxyisocaproate, 2-hydroxy-3-methylvalerate, alpha-hydroxyisovalerate, and N-acetylleucine 

were increased in fetal brain following exposure to intrauterine inflammation70, and N-

acetylleucine reduced cortical inflammation and apoptosis and increased memory in novel object 

recognition task after traumatic brain injury71. In addition to these five BCAA-related metabolites, 
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3-indoxyl sulfate, imidazole propionate, and phenylacetylglycine are well established metabolites 

of the gut microbiome produced by sulfonation of bacterially-derived indole, direct bacterial 

synthesis from histidine, and bacterial conversion of phenylalanine, respectively72–74. They have 

also been implicated in neurodevelopment: imidazole propionate promoted thalamocortical 

axonogenesis in fetal brains from offspring of antibiotic-depleted dams27, and all three have been 

reported to vary across postnatal development in mouse forebrain75. The final 10M metabolites, 

1-methylhistamine and 2R,3R-dihydroxybutyrate (commonly referred to as 4-deoxyerythronic 

acid), have only correlational ties to the gut microbiome and brain development. The former, a 

major metabolite of histamine, has been correlated with microbes, primarily of the order 

Clostridiales and genus Lactobacillus76, while the latter, a metabolite of L-threonine77, was 

downregulated in the plasma of MDD patients after escitalopram treatment78. Specific microbial 

metabolites are increasingly linked to neurodevelopment and behavior. In addition to the 

examples discussed above, individual microbially-modulated metabolites have recently been 

reported to induce anxiety-like behaviors by preventing oligodendrocyte maturation and altering 

myelination79, and promote cognitive decline by precipitating microglial apoptosis80. However, 

more research is needed to identify neuromodulatory microbial metabolites, and further 

understand the diverse mechanisms by which they engage in direct or indirect communication 

with the brain during critical temporal windows to guide neurodevelopment and influence 

behavioral outcomes. 

Although the exact mechanisms by which PR induces behavioral deficits, and by which 

10M ameliorates them are unclear, transcriptomic and metabolomic profiling of fetal brains of PR-

fed dams revealed some possibilities. For one, tryptophan and tryptophan-related metabolic 

pathways were significantly downregulated in maternal serum, but significantly upregulated in 

fetal brain in response to gestational PR. Additionally, the Slc6a4 gene encoding the serotonin 

transporter and the Htr3a gene encoding a serotonin receptor are significantly decreased in PR 

fetal brains. Finally, a tryptophan catabolite, 3-indoxyl sulfate, was among the 10M group that 
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normalized behavior in offspring. These findings suggest abnormal tryptophan and serotonin 

signaling pathways as candidate contributors to subsequent behavioral deficits in offspring. 

Indeed, tryptophan and serotonin were altered by protein restriction during gestation and lactation 

in rats81, serotonin regulates many neurodevelopmental processes, and altered levels during 

gestation have been linked to behavioral impairments, including anxiety and cognitive, in 

offspring82. In addition, disruptions to the hypothalamic-pituitary-adrenal axis could be at play, as 

we observe elevated corticosterone in maternal serum and in fetal brains of protein-restricted 

dams, the former of which is attenuated by 10M supplementation. Stress during critical periods 

can be neurotoxic, is known to interact with both maternal microbiome and fetal 

neurodevelopment25,59, and to precipitate anxiety- and cognitive-related behavioral deficits in 

offspring83. Finally, neuroimmune processes may be disrupted, as we observed downregulated 

T-cell differentiation in PR fetal brains by transcriptomic pathway analysis. Indeed, T-cell 

differentiation promoted by maternal gut bacteria has been reported to underlie behavioral deficits 

in offspring following maternal immune activation24,84. Although we interpret these changes to be 

due to low levels of protein in the PR diet, high-sucrose diets during gestation have also been 

shown to alter offspring brain and behavior85,86. While the PR diet has comparably lower sucrose 

levels than used in high-sucrose models (15% kcal coming from increased sucrose and cellulose 

in PR compared to CD, versus 25% kcal from sucrose alone in a high-sucrose model85), and we 

see minimal carbohydrate metabolites affected in PR maternal serum and fetal brains, sucrose is 

significantly higher in PR fetal brain compared to CD. We are therefore unable to rule out an effect 

of high sucrose on the reported results.  

This study showed sexual dimorphism in behavioral responses to both PR alone, where 

female offspring showed a more severe anxiety-like phenotype, and to 10M intervention, where 

female offspring showed restoration of anxiety-like behavior, and male offspring showed 

restoration of memory deficits. These findings highlight the importance of examining both males 

and females, and including sex as a biological variable87. Sex biases have been well-documented 
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in various neurodevelopmental conditions, including a male skew in autism spectrum disorder 

and attention deficit hyperactivity disorder88 and a female skew in anxiety and mood disorders89. 

Furthermore, findings from this study support the ability of sex to influence susceptibility to, or 

presentation of, prenatal programming from environmental stressors or maternal microbial 

shifts59. The biological basis for this interaction with sex is unclear, but theories have been raised 

to explain sexually dimorphic responses to prenatal perturbations, including slower maturation 

and increased intrauterine immunoreactive responses to male fetuses, differences in placental 

function by sex, and contributions of sex steroids and SRY programming90,91. These different 

presentations of behavioral domain by sex also raise the question of different biological 

underpinnings of anxiety-like versus cognitive behaviors. Projections from the basolateral 

amygdala to the central amygdala92 and ventral hippocampus93 underlie anxiety-related 

behaviors, while spatial learning and memory rely on hippocampal CA3-medial prefrontal cortex 

circuits94. Based on the sexually dimorphic and domain-specific behavioral responses of offspring 

treated with 10M during gestation, it may be the case that these interventions are acting in a sex- 

and circuit-specific manner to ameliorate select phenotypes of gestational protein restriction. 

There is more work to be done in understanding the role of microbes and microbial metabolites 

in supporting or disrupting neurodevelopment, and how biological sex interacts with and facilitates 

this process. 

Although maternal supplementation with 10 diet- and microbiome-dependent metabolites 

prevented impairments in particular anxiety-like and cognitive behavioral parameters in adult 

offspring, not all behavioral deficits induced by maternal protein restriction were prevented, 

suggesting that they are mediated by additional, as yet undefined, microbiome-dependent or -

independent mechanisms. Results from our cross-fostering experiments indicate that maternal 

protein restriction alters offspring behavior through mechanisms that require diet-induced 

programming of both fetal neurodevelopment and maternal physiology, as only offspring born to 

and fostered by dams on PR during gestation show behavioral deficits. One way in which maternal 
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programming could translate is via maternal care behaviors, which are well-known to inform 

offspring neurodevelopment and behavior50,51. Although we do not see significant differences in 

maternal retrieval behavior, which is altered in other gestational stress models95, there may be 

changes in other domains of stress-sensitive maternal care that warrant further investigation, such 

as licking/grooming and nursing behaviors95,96. Additionally, milk volume or nutrient content may 

be persistently altered by gestational PR, and may therefore create inconsistencies in postnatal 

nutrition between cross-fostering groups to inform long-term behavioral trajectories. Indeed, 

protein content of milk and size of offspring was reduced in dams fed a low protein diet during 

gestation and lactation97, and sialylated milk oligosaccharides, found to be decreased in mothers 

of undernourished infants, were sufficient to promote growth in humanized mouse and pig models 

of early postnatal malnutrition98. The impact of malnutrition and other peri-gestational stressors 

on both maternal and infant health underscores the importance of further research on women’s 

health and investigation of lasting implications of the postpartum period. 

Nutritional support, and even growth and gross physiological restoration, are often 

inadequate to prevent long-term microbial, neurological, and behavioral impairments caused by 

early malnutrition5–7,12–16. Indeed, results from this study show consistent decoupling of early 

growth trajectories with later behavioral impairments. Restricting protein undernutrition to the 

pregnancy period in mice induces anxiety-like and impaired cognitive behavior in adult offspring 

that are fed standard nutritive diet since birth and exhibit typical growth trajectories by body 

weight. Depletion of the maternal microbiome exacerbates, whereas maternal supplementation 

with select microbes or microbially modulated metabolites prevents, select behavioral deficits in 

adult offspring without influencing pre- and postnatal growth. In contrast, maternal 

supplementation with short-chain fatty acids promotes feto-placental64 and offspring growth, but 

does not effectively prevent neurobehavioral deficits in adult offspring of dams that were protein 

restricted during pregnancy. As malnutrition continues to be a prevalent and severe global health 

burden23, additional interventions beyond nutritional rehabilitation alone are needed to target 



 

 

80 

 

 

adverse effects of malnutrition on child neurobehavioral development. Findings from this study 

reveal that the maternal microbiome modifies adverse neurobehavioral outcomes of gestational 

protein undernutrition, which are partially prevented by maternal supplementation with select 

microbial metabolites. These results suggest that microbiome-based interventions should be 

further evaluated for their ability to reduce malnutrition-associated neurobehavioral disorders, 

which are not adequately addressed with current nutrition-focused standards of care.  

 

Methods 

Mice 

8-week old male and female C57Bl/6J mice were purchased from Jackson Laboratories 

and maintained on 12-h light-dark cycle in temperature- and humidity-controlled environment. All 

mice were kept under sterile conditions (autoclaved cages, bedding, water bottles, and water). All 

experiments were performed in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals using protocols approved by the Institutional Animal Care and Use Committee 

at UCLA. 

 

Protein restriction 

Mice were first subjected to a microbiota normalization, where two scoops of bedding were 

removed from each cage, mixed together, and deposited back in each cage to normalize 

microbiota between all mice in each testing cohort. At least 5 days after normalization, male and 

female mice were given either 6% protein diet (Teklad Envigo; TD.90016) or 20% control diet 

(Teklad Envigo; TD.91352) ad libitum for at least 2 weeks. Following this habituation period, mice 

were paired and time-mated. At E0.5, determined by observation of copulation plug, pregnant 

dams were individually housed and continued to be fed the same diet through gestation. Weights 

and fecal samples were collected from each dam at E0.5 and 18.5, with a subset collected at 

E0.5, 7.5, 10.5, 14.5, 18.5. 
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Antibiotic treatment 

For “ABX” treatment groups, SPF male and female mice were gavaged twice daily for one 

week with neomycin (100 mg/kg), metronidazole (100 mg/kg) and vancomycin (50 mg/kg), as 

previously described27,64. During this time, ampicillin (1 mg/mL) was provided ad libitum in drinking 

water. Mice were then time-mated as described above. Following gavage, mice were maintained 

on ampicillin (1 mg/mL), neomycin (1 mg/mL) and vancomycin (0.5 mg/mL) ad libitum in drinking 

water for the duration of the experiment. 

 

Fetal tissue collections 

At E18.5, dams were sacrificed by cervical dislocation. Fecal samples were extracted from 

the colon. Blood was collected by cardiac puncture into vacutainer SST tubes (Becton Dickinson) 

and allowed to clot for 1 hour at room temperature, before centrifuging at 1500xg, 4C for 10 

minutes. Serum supernatant was collected and stored at -20C. The entire uterine horn, including 

all conceptuses, was removed and placed in ice cold 1x PBS. Dams were weighed once again to 

record post-transection weight. Each fetus was dissected from the amniotic sac and weighed. 

Brains were microdissected and either placed into RNAlater (Invitrogen) for subsequent RNA 

sequencing, or snap-frozen in liquid nitrogen for subsequent metabolomics analysis. All samples 

were stored at -80C.  

 

Behavioral testing 

For behavioral cohorts, dams were given shepherd shacks on E17.5 to reduce stress 

ahead of birth. At P0, dams and diet were weighed, pups were counted, and all diet groups were 

switched to CD. Complete litters were cross-fostered, as denoted in figures (Fig. 3.1a, Fig. 3.5a,d, 

Fig. 3.S7a). Subsequently, litters were checked daily for pup survival. Litters were denoted as not 
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survived if <4 pups remained at weaning (as previously done64). Pups were weighed on P3, 5, 7, 

9, 11, 13, and toe-tattooed P4-P6, for identification purposes. Pups were weaned at P24-P26, 

and separated into cages with same-sex littermates. Adult behaviors were run beginning when 

mice were ~90 days old. All mice were habituated in the testing room 30 minutes prior to test 

start. Tests were run in order of least to most stressful, in the order described below, with at least 

3 days separating each test. All equipment was cleaned with 70% ethanol and allowed to dry in 

between trials. 

 

Righting reflex & maternal retrieval – SPF cohorts only 

The righting reflex and maternal retrieval tests were utilized to examine early neurological 

development99 and maternal care-giving and responsiveness53, respectively. Pups were 

subjected to righting reflex and maternal retrieval tests on P3, 5, 9, 11. All pups from each litter 

were placed one-by-one on their backs and the time it took for them to right themselves (with all 

four paws on the ground) was recorded, capped at 30 seconds. Pups were then placed back into 

their home cage all at once, in the opposite corner of the nest. The latency to first pup retrieval 

and full litter retrieval by the dam was measured, capped at 5 minutes.  

 

Ultrasonic vocalizations – SPF cohorts only 

Ultrasonic vocalizations in pups were analyzed as a response to separation from the litter 

100. Pups were tested for USVs at P7 and P13. Four pups were randomly chosen (when possible, 

2 males and 2 females) for USV testing, and the same pups were used at both timepoints. Pups 

were habituated in the recording chambers for 5 minutes, and then recorded for 5 minutes. 

Number and duration of calls, in addition to inter-call latency, were analyzed. Recording and 

analysis were performed using SASLab Pro (Avisoft Bioacoustics). 

 

Open field test – all cohorts 
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Open field test was employed to assess locomotion and thigmotaxis as a proxy for anxiety-

like behavior35,36. Mice were placed into open field arenas (27.5 cm2) for 10 minutes under bright 

light. Videos were recorded using an overhead camera, and the first 5 minutes of each test were 

analyzed using AnyMaze 7.1 for time spent in center zone, distance traveled in center zone/total 

distance traveled, total distance traveled, and mean speed.  

 

Barnes maze – all cohorts 

Barnes maze was employed to assess spatial learning and memory38. The Barnes maze 

apparatus has an elevated round surface (90 cm diameter) with 20 holes evenly spaced around 

the perimeter. One hole was denoted as the “escape” hole, and an escape box was attached 

below the hole. The position of the escape hole was kept consistent within mice, but 

counterbalanced between mice. Spatial cues (black and white geometric shapes printed on 

9x11in paper) were placed around the maze, and kept consistent throughout training and testing. 

On day 1 of the testing protocol, each mouse was allowed to freely explore the Barnes maze 

apparatus for 5 minutes with no white noise under mild light, with no escape box present. 

Immediately following, each mouse was placed under a wire cup in the center of the apparatus, 

with white noise and bright light for 1 minute. Finally, each mouse was gently guided to the escape 

hole and into the escape box, and white noise and bright light were removed, for 1 minute. On 

days 2-5, each mouse was subject to three training trials, with an inter-trial latency of 20-45 

minutes. The training trials consisted of 15s habituation, where mice were placed under a wire 

cup in the center of the apparatus with bright light and white noise. The cup was then lifted, and 

mice were given 180s to escape into the escape hole, thereby ending the test. If the mouse did 

not escape by 180s, they were gently guided into the escape hole. At the end of each trial, mice 

were left for 1 minute in the escape hole, with no white noise. On day 6, a probe test was run to 

assess long-term memory. Each mouse was subject to one probe trial, consisting of a 15s 

habituation, and then a 180s test without the escape box. Videos were recorded using an 
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overhead camera and analyzed in AnyMaze 7.1. For the training trials, latency to find the escape 

hole and latency to enter the escape box were analyzed. For the probe trial, time spent in the 

escape hole vicinity, and errors, defined as non-escape hole vicinities a mouse entered before 

entering the escape hole vicinity, were analyzed. 

 

Human Infants 

This prospective cohort study was conducted at the University of California Los Angeles 

(UCLA) neonatal intensive care units (UCLA Ronald Reagan Hospital/UCLA Mattel Children’s 

Hospital, Los Angeles, CA and UCLA Santa Monica Hospital, Santa Monica, CA). The UCLA 

Institutional Review Board granted approval for this study (IRB #15 00718). Verbal informed 

consent was obtained from parents/legal guardians. Inclusion criteria included infants with 

a birth weight <2 kilograms (kg), <14 days of age, who were predicted to require parenteral 

nutrition for ≥2 weeks, and follow-up at the UCLA High Risk Infant Clinic (HRIF).  The exclusion 

criteria included infants who were unlikely to survive and infants with congenital 

anomalies and congenital infections. Infants missing prenatal medical records with which to 

diagnose FGR were also excluded. 

Demographic and clinical data was collected from the electronic medical chart.  FGR was 

determined as previously described101 by the obstetric team who documented fetal growth 

deceleration on repeated prenatal ultrasounds. Full feeds were defined as 100 mL/kg/d of enteral 

nutrition or ad libitum feeding, whichever occurred first. Early onset sepsis was defined as a 

positive blood culture before 72 hours of age and antibiotics for ≥5 days. Late onset sepsis was 

defined as a positive blood culture after 72 hours of age and antibiotics for ≥5 days. Necrotizing 

enterocolitis was defined by Bell’s stage II or III.  Neurodevelopment was assessed using 

composite cognitive, language, and motor scores from the Bayley Scales of Infant Development 

(BSID) III61, which was conducted by doctorally trained clinicians who work in the HRIF. These 
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clinicians have established inter-rater reliability for the BSIS-III examination, which is monitored 

for recertification research projects and clinical assessments..  

 

16S rRNA gene sequencing 

Fecal samples were collected from CD and PR dams throughout gestation at the following 

timepoints: E0.5, E7.5, E10.5, E14.5, E18.5 and stored at -80C until processing. The same dams 

were collected from at each timepoint. Bacterial genomic DNA was isolated according to 

manufacturer instructions using the DNeasy PowerSoil Kit (Qiagen). Additionally, fecal samples 

were collected from preterm infants with and without FGR during their hospital stay. Specimens 

were collected shortly after study enrollment, then weekly while on parenteral nutrition, and for 

four weeks after parenteral nutrition was discontinued. Samples were collected from infant diapers 

using sterile collection kits and stored at -80C until processing. Because of intestinal dysmotility, 

preterm infants have delayed passage of meconium and do not stool frequently in the first couple 

weeks of life, resulting in missing samples disproportionately at early timepoints. Approximately 

50mg per sample was aliquoted in liquid nitrogen, bead-beat in buffer RLT using Lysing Matrix E 

tubes (MP Biomedicals), and extracted using AllPrep DNA/RNA/Protein Mini kit (Qiagen), as 

previously described102.  

For both mouse and human samples,16S rRNA gene sequencing was performed as 

previously described27,64. Briefly, sequencing libraries were generated according to methods 

adapted from Caporaso et al. 2011103, amplifying the V4 regions of the 16S rRNA gene by PCR. 

The final PCR product was purified using the Qiaquick PCR purification kit (Qiagen). 250 ng of 

purified, PCR product from each individually barcoded sample were pooled and sequenced by 

Laragen, Inc. using the Illumina MiSeq platform and 2 x 250bp reagent kit for paired-end 

sequencing. All analyses were performed using QIIME2 2023.7104, including DADA2105 for quality 

control, taxonomy assignment, alpha-rarefaction and beta-diversity analyses. 29,152 reads were 
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analyzed per sample. Operational taxonomic units (OTUs) were assigned based on 99% 

sequence similarity compared to the SILVA 138 database. Beta-diversity principal coordinates 

analysis plots were generated with QIIME2 View, and other bacterial metrics, including correlation 

analyses with clinical metadata were performed and plotted in Prism 9.0 (Graphpad). 

 

Corticosterone ELISAs 

Total corticosterone levels were determined by a corticosterone ELISA assay (Enzo Life 

Sciences). The assay was run per manufacturer’s instructions, following the small volume 

protocol. All experimental samples were run in triplicate; blanks and controls were run in duplicate. 

Mean optical density was read on a Synergy H1 plate reader (Agilent BioTek), and corticosterone 

concentrations were determined in ug/mL based on a standard curve. 

 

Fetal brain RNA sequencing 

Whole fetal brains were randomly chosen from each litter, dissected, and immediately 

placed into 400uL RNAlater (ThermoFisher Scientific) and stored at -80C. RNA was extracted 

and cDNA synthesized using the PureLink RNA Mini Kit (Invitrogen) and qScript cDNA synthesis 

kit (Quantabio), respectively. Equal amounts of RNA were pooled from 2 brains per litter, resulting 

in 1522ng RNA per sample, except for one which had 508ng. An RNA integrity number (RIN) of 

at least 8.7 was confirmed for each sample using the 4200 Tapestation system (Agilent). RNA 

was prepared as previously described64 using the TruSeq RNA Library Prep kit and Lexogen 

QuantSeq 3’ forward-sequencing was performed using the Illumina HiSeq 4000 platform by the 

UCLA Neuroscience Genomics Core. Sequences were quality filtered, trimmed, and mapped 

using FastQC v0.11.5, bbduk v35.92, and RSeQC v2.6.4. Reads were aligned to UCSC Genome 

Browser assembly ID: mm10 using STAR v2.5.2a, indexed using samtools v1.3, and aligned 

using HTSeq-count v0.6.0. Differential expression analysis was conducted using DESeq2 

v1.24.041. Heatmaps were generated using the pheatmap v1.0.12 package for R. DAVID 
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2021106,107 was used to conduct GO term enrichment analysis of differentially expressed genes 

with non-adjusted p-value < 0.05.  

 

Metabolomics 

Whole fetal brains were randomly chosen from each litter, dissected, and immediately 

snap-frozen in liquid nitrogen and stored at -80C. 1.5-2 brains were pooled for subsequent 

analysis. Untargeted metabolomics was run on fetal brain and maternal serum by Metabolon Inc. 

as previously described27,64. Briefly, samples were prepared using the automated MicroLab STAR 

system (Hamilton Company) and analyzed on GC/MS, LC/MS and LC/MS/MS platforms. Organic 

aqueous solvents were used to perform serial extractions for protein fractions, concentrated using 

a TurboVap system (Zymark) and vacuum dried. For LC/MS and LC-MS/MS, samples were 

reconstituted in acidic or basic LC-compatible solvents containing > 11 injection 25 standards and 

run on a Waters ACQUITY UPLC and Thermo-Finnigan LTQ mass spectrometer, with a linear 

ion-trap frontend and a Fourier transform ion cyclotron resonance mass spectrometer back-end. 

For GC/MS, samples were derivatized under dried nitrogen using bistrimethyl-silyl-

trifluoroacetamide and analyzed on a Thermo-Finnigan Trace DSQ fast-scanning single-

quadrupole mass spectrometer using electron impact ionization. Chemical entities were identified 

30 by comparison to metabolomic library entries of purified standards. Following log 

transformation and imputation with minimum observed values for each compound, data were 

analyzed using two-way ANOVA to test for group effects. P- and q-values were calculated based 

on two-way ANOVA contrasts. Principal components analysis was used to visualize variance 

distribution with the ggplot2 R package108. The Metaboanalyst 5.0109 platform’s metabolite set 

enrichment analysis (MSEA) was performed on whole fetal brain and maternal serum metabolites 

that were statistically significantly altered (non-adjusted p-value < 0.05) between SPF PR and 

SPF CD treatment groups and ABX PR and SPF PR treatment groups. Metabolites sets were 
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analyzed for metabolite pathway enrichment using the Small Molecule Pathway Database 

(SMPDB).  

 

In vivo short-chain fatty acid supplementation 

All mice were habituated on PR diet, and bred as described above. Once copulation plugs 

were observed, SCFA were supplemented ad libitum in drinking water from E0.5-E18.5 (prenatal 

cohort) or E19.5 (behavior cohort), as previously described64. SCFA water cocktail contained 

25mM sodium propionate, 40mM sodium butyrate, and 67.5mM sodium acetate. SCFA water was 

changed at least every 4 days. Sodium-matched controls were given water supplemented with 

7.745g/L sodium chloride. All supplemented water was sterile-filtered before administration. 

SCFA and Na-matched litters were then used for E18.5 tissue collections, or for postnatal cross-

fostering and behavioral testing, as described above. 

 

In vivo metabolite supplementation 

Metabolite selection for in vivo supplementation 

Metabolites were first filtered for significant differences between SPF CD and SPF PR. 

Those that were decreased in SPF PR compared to SPF CD were further checked for microbiome 

modulation, as denoted by significant change in any direction in ABX PR relative to SPF PR, or 

in ABX CD relative to SPF CD. This set of filters was applied to metabolomic results from both 

fetal brain and maternal serum. Metabolites that met these criteria from both tissue compartments 

were used for supplementation. 

 

Metabolite supplementation 

All mice were habituated on PR diet, and bred as described above. Once copulation plugs 

were observed, sterile filtered metabolite mixture (10M) was injected subcutaneously once per 

day from E0.5-E17.5. Control dams were injected with vehicle. Physiological concentrations were 
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determined as previously described27 based on literature72,110–118, estimated blood volume, and 

on the relative differences in metabolite fold change between CD and PR dams. The 10M 

injections contained 0.76ug imidazole propionate, 7.3ug alpha-hydroxyisocaproate, 7.24ug alpha-

hydroxyisovalerate, 0.0094uL beta-hydroxyisovalerate, 11.68ug N-acetylleucine, 2.16ug 2-

hydroxy-3-methylvalerate, 6.3ug phenylacetylglycine, 29.16ug 3-indoxyl sulfate, 0.04ug 1-

methylhistamine, and 6.66ug 2R,3R-dihydroxybutyrate in 200uL 1X sterile PBS. Vehicle 

injections contained 8.66ug potassium chloride, 0.012nL hydrochloric acid, and 1.7ug sodium 

hydroxide in 200uL 1X sterile PBS. 10M and vehicle litters were then used for E18.5 tissue 

collections, or for postnatal cross-fostering and behavioral testing, as described above. 

 

Statistical Methods and Sample Sizes 

Statistical analyses were performed using Prism 9.0 (Graphpad). Assays with two groups 

were assessed for normality and subsequently analyzed by either an unpaired two-tailed t-test 

with Welch’s correction, or by a Mann-Whitney test. Tests on three or more groups were assessed 

by a one-way ANOVA, and when there were two factors, with a two-way ANOVA. Data over time 

were assessed with a repeated measures ANOVA or mixed measures analysis. Tukey or Sidak 

post-hoc tests were used, based on Prism recommendations. All prenatal weight measures and 

postnatal behavioral measures were run using litter as a biological replicate, with all fetuses or 

offspring averaged within each litter. For prenatal weights and maternal metrics, at least 9 litters 

per group were analyzed. For behavioral experiments, 4-7 litters per group were tested. To assess 

sex differences in the behavioral results, and in adult weights, individual male and female offspring 

were treated as biological replicates. For metabolomics, 1.5-2 fetal brains were randomly chosen 

and pooled per litter, from 6 litters per group. For RNAseq, 2 fetal brains were randomly chosen 

and pooled per litter, from 5 litters per group. Whole litters were excluded from all analyses if they 

had fewer than 4 fetuses or pups (as done previously64). For prenatal measures, no viable fetuses 

within any litters were excluded from reported analyses. For behavioral measures, individual 
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offspring were occasionally excluded from all tests due to health reasons (i.e. developing 

malocclusion) or from a specific test or trial due to a test-related event (i.e. escaping the testing 

chamber). These occasions were rare, and not associated with a particular group or condition. All 

data are plotted as mean +/- SEM. Significant differences are denoted as follows: *p < 0.05, **p 

< 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant. 

 

Data Availability 

Transcriptomic data have been deposited to the Sequence Read Archive (SRA) repository 

with accession number PRJNA1074327. Untargeted metabolomic data have been deposited to 

Mendeley Data (DOI: 10.17632/2pdwjm85tb.1. 16S rRNA gene sequencing data have been 

deposited to the SRA repository with accession number PRJNA1074327. Other data available 

upon reasonable request. 
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Figure 3.1: The prenatal period of maternal protein restriction is critical for programming 
cognitive and anxiety-like behavioral deficits in adult offspring. a, Graphic of cross-

fostering paradigm. b, Graphic of behavioral tests, open field test (left), Barnes maze (right). c, 
Time in center in open field test, all offspring averaged within each litter (two-way ANOVA with 

Sidak, n = 6 litters per group). Top row refers to pup condition, bottom row refers to dam 
condition. d, Distance in center in open field test, controlled by total distance traveled, all 

offspring averaged within each litter (two-way ANOVA with Sidak, n = 6 litters per group). Top 
row refers to pup condition, bottom row refers to dam condition. e, Left: Latency to escape in 

Barnes maze acquisition phase, all offspring averaged within each litter (n = 6 litters per group). 
Right: AUC of latency to escape (two-way ANOVA with Sidak). Top row refers to pup condition, 
bottom row refers to dam condition. f, Left: Latency to target zone in Barnes maze acquisition 

phase, all offspring averaged within each litter (n = 6 litters per group). Right: AUC of latency to 
target zone (two-way ANOVA with Sidak). Top row refers to pup condition, bottom row refers to 
dam condition. g, Time in target zone in Barnes maze probe trial, all offspring averaged within 

each litter (two-way ANOVA with Sidak, n = 6 litters per group). h, Errors made in Barnes maze 
probe trial, all offspring averaged within each litter (two-way ANOVA with Sidak, n = 6 litters per 
group). Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant. 
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Figure 3.S1: Maternal protein restriction induces fetal growth restriction and maternal 
stress, and reduces postnatal survival, but does not influence early postnatal growth or 
maternal behavior. a, Macronutrient breakdown of CD and PR diets compared to standard lab 
chow. b, Fetal weight at E18.5 from SPF CD and SPF PR dams, all fetuses averaged within each 
litter (unpaired Welch’s t-test, n = 28, 21, from left to right). c, Maternal weight change, from E0.5 
to E18.5, in SPF CD and SPF PR dams (unpaired Welch’s t-test, n = 26, 21, from left to right). d, 
Maternal diet eaten, from E0.5 to E18.5 in SPF CD and SPF PR dams (Mann Whitney test, n = 
26, 21, from left to right). e, Corticosterone measured in serum in SPF CD, SPF PR dams at E18.5 
(unpaired Welch’s t-test, n = 10, 11, from left to right). f, Litter size at P0, from SPF CD and SPF 
PR dams (Mann Whitney test, n = 31, 50, from left to right). g, Litter size, pups per litters, 
measured at weaning, from cross-fostered groups SPF CD pups > CD dams, SPF CD pups > PR 
dams, SPF PR pups > CD dams, SPF PR pups > PR dams (two-way ANOVA with Sidak, n = 6 
litters per group). Top row refers to pup condition, bottom row refers to dam condition. h, Litter 
survival (percentage of total litters), from SPF CD pups > CD dams, SPF CD pups > PR dams, 
SPF PR pups > CD dams, SPF PR pups > PR dams (n = 6, 15, 6, 34, from left to right). Top row 
refers to pup condition, bottom row refers to dam condition. i, Pup weights, all offspring averaged 
within each litter (two-way repeated measures ANOVA with Tukey, n = 6 litters per group). j, 
Latency to retrieve in maternal retrieval test (two-way repeated measures ANOVA with Tukey, n 
= 6 dams per group). k, Latency to right in pup righting reflex test, all offspring averaged within 
each litter (two-way repeated measures ANOVA with Tukey, n = 6 litters per group). l, Left: 
Number of calls, ultrasonic vocalizations, 4 offspring averaged within each litter (two-way 
repeated measures ANOVA with Tukey, n = 6 litters per group). Right: Mean duration of calls, 
ultrasonic vocalizations, 4 offspring averaged within each litter (two-way repeated measures 
ANOVA with Tukey, n = 6 litters per group). Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, n.s. not significant. 
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Figure 3.S2: Adult female offspring exhibit behavioral differences based on both 
gestational and rearing-associated protein restriction, whereas male offspring are based 
on gestational alone. a, Left: Total distance traveled in open field test, all offspring averaged 
within each litter (two-way ANOVA with Sidak, n = 6 litters per group). Right: Mean speed in open 
field test, all offspring averaged within each litter (two-way ANOVA with Sidak, n = 6 litters per 
group). Top row refers to pup condition, bottom row refers to dam condition. b, Left: Time in center 
in open field test, male and female offspring (two-way ANOVA with Sidak for each sex, n = 22, 
20, 18, 18, 19, 25, 15, 14, from left to right). Right: Distance in center in open field test, controlled 
by total distance traveled, male and female offspring (two-way ANOVA with Sidak for each sex, 
n = 22, 20, 18, 18, 19, 25, 15, 14, from left to right). c, Left: Latency to escape in Barnes maze 
acquisition phase, male offspring (n = 22, 20, 19, 18). Middle: Latency to escape in Barnes maze 
acquisition phase, female offspring (n = 19, 25, 15, 14). Right: AUC of latency to escape (two-
way ANOVA with Sidak for each sex). d, Left: Latency to target zone in Barnes maze acquisition 
phase, male offspring (n = 22, 20, 19, 18). Middle: Latency to target zone in Barnes maze 
acquisition phase, female offspring (n = 19, 25, 15, 14). Right: AUC of latency to target zone (two-
way ANOVA with Sidak for each sex). e, Time in target zone in Barnes maze probe trial, male 
and female offspring (two-way ANOVA with Sidak for each sex, n = 22, 20, 19, 18, 19, 25, 15, 14, 
from left to right). f, Errors made in Barnes maze probe trial, male and female offspring (two-way 
ANOVA with Sidak for each sex, n = 22, 20, 19, 18, 19, 25, 15, 14, from left to right). Mean +/- 
SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant.  
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Figure 3.2: Maternal protein restriction alters transcriptional and metabolomic profiles in 
the fetal brain. a, Heatmap of differentially expressed genes (DEGs) (505 up-regulated, 423 
down-regulated; p < 0.05) of E18.5 fetal brains from SPF CD or SPF PR dams with Euclidean 
clustering on rows (n = 5 litters per group, 2 brains pooled per litter). b, Biological Process gene 
ontology (GO) of upregulated DEGs (p < 0.05, red) and downregulated DEGs (p < 0.05, green) 
of transcripts from E18.5 fetal brains from SPF CD or SPF PR dams (n = 5 litters per group, 2 
brains pooled per litter). c, PCA of untargeted metabolomics from E18.5 fetal brains from SPF CD 
and SPF PR dams (n= 6 litters per group, 1.5-2 brains pooled per litter). d, Metabolon network 
map showing positive and negative fold change. e, Top enriched Small Molecule Pathway 
Database pathways for significantly upregulated metabolites (p < 0.05, left) and downregulated 
metabolites (p < 0.05, right) for E18.5 fetal brains from SPF PR dams compared to SPF CD dams 
(bold pathways have q < 0.05; teal symbols relate to analogous enriched pathways in SPF PR vs 
SPF CD maternal serum [see Fig. 3.S3c]; * = enriched pathway in same direction; ! = enriched 
pathway in opposite direction).  
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Figure 3.S3: Maternal protein restriction alters metabolomic profiles in maternal serum, 
and induces nutrient brain sparing in fetal brains at late gestation.  a, Untargeted 
metabolomics PCA comparing serum from SPF CD and SPF PR dams (n = 6 dams per group). 
b, Metabolon network map showing positive and negative fold change. c, Top enriched Small 
Molecule Pathway Database pathways for significantly upregulated metabolites (p < 0.05, left) 
and downregulated metabolites (p < 0.05, right) for serum from SPF PR dams compared to SPF 
CD dams (bold pathways have q < 0.05; teal symbols relate to analogous enriched pathways in 
SPF PR vs SPF CD fetal brain [see Figure 2e]; * = enriched pathway in same direction; ! = 
enriched pathway in opposite direction). d-m, Untargeted metabolomics of essential amino acids 
and glucose from E18.5 fetal brains from SPF CD and SPF PR dams (n= 6 litters per group, 1.5-
2 brains pooled per litter) and E18.5 serum from SPF CD and SPF PR dams (n = 6 dams per 
group). Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant.  
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Figure 3.3: Murine maternal protein restriction or human fetal growth restriction reduces 
diversity of the gut microbiome. a, Left: Shannon diversity index across gestation in SPF CD 
and SPF PR dams (two-way repeated measures ANOVA with Sidak, n = 5 dams per group). 
Right: Pielou evenness index across gestation in SPF CD and SPF PR dams (two-way repeated 
measures ANOVA with Sidak, n = 5 dams per group). b, PCA of weighted unifrac across gestation 
in SPF CD and SPF PR dams (n = 5 dams per group). Axis 3 = time pseudo-axis. c, Heatmap of 
significantly different taxa across gestation in SPF CD and SPF PR dams (Qiime2 Kruskal Wallis 
test, q < 0.05, n = 5 dams per group). d, Left: Shannon diversity index in the first 6 weeks of life 
in Con and FGR infants (unpaired Welch’s t-test per timepoint, n = 37 (with 1-4 timepoints each), 
16 (with 1-5 timepoints each) infants from top to bottom). Right: Pielou evenness index in the first 
6 weeks of life in Con and FGR infants (unpaired Welch’s t-test per timepoint, n = 37 (with 1-4 
timepoints each), 16 (with 1-5 timepoints each) infants from top to bottom). e, PCA of weighted 
unifrac of Con and FGR infants across the first six weeks of life (n = 34 Con with 1-4 timepoints 
each, 16 IUGR with 1-5 timepoints each). f, Taxa bar plots of taxa >1% total reads in Con or FGR 
infants in week 2 of life (n = 26, 10, infants from left to right, ** survived correction by Kruskal 
Wallis test in Qiime2). g, Spearman correlation matrix of Shannon diversity index at week 3 and 
Staphylococcus genus % reads at week 2, against clinical metadata (Con n = 16, 22; FGR n = 9, 
10, from left to right). Displayed values are R2. h, Left: Bayley Cognitive assessment scores 
across the first two years of life in Con and FGR infants (2-way ANOVA Sidak, n = 28 Con with 
1-3 visits each, 15 IUGR with 1-3 visits each). Middle: Bayley Motor assessment scores across 
the first two years of life in Con and FGR infants (2-way ANOVA Sidak, n = 28 Con with 1-3 visits 
each, 15 IUGR with 1-3 visits each). Right: Bayley Language assessment scores across the first 
two years of life in Con and FGR infants (2-way ANOVA Sidak, n = 28 Con with 1-3 visits each, 
15 IUGR with 1-3 visits each). i, Spearman correlation matrix of Shannon diversity index at week 
3 and Staphylococcus genus % reads at week 2 against Bayley cognitive, motor, and language 
composite scores from 6 months (Con n = 10, FGR = 7; Con n = 10, FGR = 8, from left to right), 
12 months (Con n = 8, FGR = 3; Con n = 7, FGR = 2, from left to right), and 18-24 months (Con 
n = 8, FGR = 4; Con n = 7, FGR = 4, from left to right). Displayed values are R2. Mean +/- SEM, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant. 
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Figure 3.4: Depletion of the maternal gut microbiome induces distinct and additive fetal 
brain transcriptomic and metabolomic responses to maternal protein restriction. a, 
Timeline of ABX treatment prior to and throughout gestation. b, Venn diagram of DEGs (p < 0.05) 
in the fetal brains from SPF PR compared to SPF CD dams and in the fetal brains from ABX PR 
compared to SPF PR dams (n = 5 litters per group, 2 brains pooled per litter). Red = up-regulated, 
green = down-regulated. For the overlapping genes from both comparisons (center of the venn), 
red = up-regulated and green = down-regulated in SPF PR vs. SPF CD and in parentheses the 
colored numbers match the directionality of the metabolite in ABX PR vs SPF PR. c, Biological 
Process gene ontology (GO) of upregulated DEGs (p < 0.05, red) and downregulated DEGs (p < 
0.05, green) of fetal brain transcripts from ABX PR dams and SPF PR dams (n = 5 litters per 
group, 2 brains pooled per litter). d, Venn diagram of differential metabolites (p < 0.05) in the fetal 
brains from SPF PR compared to SPF CD dams and in the fetal brains from ABX PR compared 
to SPF PR dams (n = 5 litters per group, 1.5-2 brains pooled per litter). Red = up-regulated, green 
= down-regulated. For the overlapping metabolites from both comparisons (center of the venn), 
red = up-regulated and green = down-regulated in SPF PR vs. SPF CD and in parentheses the 
colored numbers match the directionality of the metabolite in ABX PR vs SPF PR. e, Metabolon 
network map showing positive and negative fold change. f, Top enriched Small Molecule Pathway 
Database pathways for significantly up-regulated metabolites (p < 0.05, left) and down-regulated 
metabolites (p < 0.05, right) from fetal brains of ABX PR dams compared to SPF PR dams (bold 
pathways have q < 0.05; teal symbols relate to analogous enriched pathways in SPF PR vs SPF 
CD fetal brain [see Figure 2e]; * = enriched pathway in same direction; ! = enriched pathway in 
opposite direction).   
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Figure 3.S4: Maternal microbial depletion moderately impacts gross measures of maternal 
and offspring health. a, Fetal weight at E18.5 from SPF CD, SPF PR, ABX CD, ABX PR dams, 
all fetuses averaged within each litter (two-way ANOVA with Sidak, n = 28, 21, 16, 17, from left 
to right). SPF data same as in Fig. 3.S1b. b, Maternal weight change, from E0.5 to E18.5 post-
transection, in SPF CD, SPF PR, ABX CD, ABX PR dams (two-way ANOVA with Sidak, n = 26, 
21, 16, 17, from left to right). SPF data same as in Fig. 3.S1c. c, Diet eaten, from E0.5 to E18.5, 
in SPF CD, SPF PR, ABX CD, ABX PR dams (two-way ANOVA with Sidak, n = 26, 21, 16, 17, 
from left to right). SPF data same as in Fig. 3.S1d. d, Corticosterone measured in serum in SPF 
CD, SPF PR, ABX CD, ABX PR dams at E18.5 (two-way ANOVA with Sidak, n = 10, 11, 10, 11, 
from left to right). SPF data same as in Fig. 3.S1e. e, Litter size, pups per litters, measured at P0, 
from SPF PR and ABX PR dams (Mann-Whitney test, n = 21, 14, from left to right). Dotted line 
indicates average value for SPF CD litters. f, Litter survival (percentage of total litters), from SPF 
PR pups > SPF PR dams and ABX PR pups > SPF PR dams (n = 13, 10, from left to right). Dotted 
line indicates average value for SPF CD litters. Top row refers to pup condition, bottom row refers 
to dam condition. g, Pup weights, all offspring averaged within each litter (two-way mixed effects 
analysis with Sidak, n = 7 litters per group). Dotted line indicates average value for SPF CD litters. 
h, Adult weights, male and female offspring (two-way ANOVA with Sidak, n = 24, 20, 23, 23, from 
left to right). Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant. 
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Figure 3.5: Maternal microbiome-informed interventions differentially modify risk for 
neurobehavioral deficits induced by maternal protein restriction during pregnancy. a, 
Graphic of cross-fostering paradigm for ABX experiments. b, Left: Latency to target zone in 
Barnes maze, all offspring averaged within each litter (n = 5 litters per group). Dotted line indicates 
average value for SPF CD litters. Right: AUC of latency to target zone (unpaired Welch’s t-test). 
Top row refers to pup condition, bottom row refers to dam condition. c, Heatmap of metabolites 
chosen for 10M supplementation, hierarchical clustering around 0, SD = 1 (n = 6 litters for each 
group/tissue type, 2 fetal brains or 1 dam serum pooled per litter). d, Graphic of cross-fostering 
paradigm for 10M experiments. e, Time in center in open field test, male and female offspring 
(Mann Whitney test for each sex, n = 13, 14, 9, 19, from left to right). f, Distance in center in open 
field test, controlled by total distance traveled, male and female offspring (Mann Whitney test for 
each sex, n = 13, 14, 9, 19, from left to right). g, Time in target zone in Barnes maze probe trial, 
male and female offspring (unpaired Welch’s t-test for each sex, n = 13, 14, 8, 18, from left to 
right). h, Errors in Barnes maze probe trial, male and female offspring (Mann-Whitney test for 
each sex, n = 13, 14, 8, 18, from left to right). Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, n.s. not significant. 

  



 

 

100 

 

 

 
 
Figure 3.S5: Maternal microbiome depletion does not influence anxiety-like, locomotor, or 
cognitive behavioral measures in adult offspring exposed to gestational protein 
restriction. a, Left: Time in center in open field test, all offspring averaged within each litter (Mann 
Whitney test, n = 7 litters per group). Top row refers to pup condition, bottom row refers to dam 
condition. Dotted line indicates average value for SPF CD litters. Left-middle: Distance in center 
in open field test, controlled by total distance traveled, all offspring averaged within each litter 
(unpaired Welch’s t-test, n = 7 litters per group). Top row refers to pup condition, bottom row 
refers to dam condition. Dotted line indicates average value for SPF CD litters. Right-middle: Total 
distance traveled in open field test, all offspring averaged within each litter (Mann Whitney test, n 
= 7 litters per group). Top row refers to pup condition, bottom row refers to dam condition. Dotted 
line indicates average value for SPF CD litters. Right: Mean speed in open field test, all offspring 
averaged within each litter (Mann Whitney test, n = 7 litters per group). Top row refers to pup 
condition, bottom row refers to dam condition. Dotted line indicates average value for SPF CD 
litters. b, Left: Latency to escape in Barnes maze, all offspring averaged within each litter (n = 5 
litters per group). Dotted line indicates average value for SPF CD litters. Right: AUC of latency to 
escape (unpaired Welch’s t-test). Top row refers to pup condition, bottom row refers to dam 
condition. c, Time in target zone in Barnes maze probe phase, all offspring averaged within each 
litter (unpaired Welch’s t-test, n = 5 litters per group). Dotted line indicates average values for 
SPF CD litters. d, Errors made in Barnes maze probe phase, all offspring averaged within each 
litter (unpaired Welch’s t-test, n = 5 litters per group). Dotted line indicates average values for 
SPF CD litters. Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not 
significant. 
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Figure 3.S6: Adult offspring do not exhibit sexually dimorphic behavioral responses to 
gestational protein restriction and maternal microbiome depletion. a, Left: Time in center in 
open field test, male and female offspring (Mann Whitney test for each sex, n = 24, 20, 23, 23, 
from left to right). Right: Distance in center in open field test, controlled by total distance traveled, 
male and female offspring (Mann Whitney test for each sex, n = 24, 20, 23, 23, from left to right). 
b, Left: Latency to escape in Barnes maze acquisition phase, male offspring (n = 17, 16). Middle: 
Latency to escape in Barnes maze acquisition phase, female offspring (n = 17, 16). Right: AUC 
of latency to escape (unpaired Welch’s t-test for each sex). c, Left: Latency to target zone in 
Barnes maze acquisition phase, male offspring (n = 17, 16). Middle: Latency to target zone in 
Barnes maze acquisition phase, female offspring (n = 17, 16). Right: AUC of latency to target 
zone (unpaired Welch’s t-test for each sex). d, Time in target zone in Barnes maze probe trial, 
male and female offspring (Mann-Whitney test for each sex, n = 17, 17, 16, 16, from left to right). 
e, Errors made in Barnes maze probe trial, male and female offspring (Mann-Whitney test for 
each sex, n = 17, 17, 16, 16, from left to right). Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, n.s. not significant.  
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Figure 3.S7: Maternal microbial SCFA supplementation has limited impact on gross 
measures of maternal and offspring health. a, Graphic of gestational supplementation and 
cross-fostering paradigm for SCFA experiments. b, Fetal weight at E18.5 from SPF PR + Na and 
SPF PR + SCFA dams, all fetuses averaged within each litter (unpaired Welch’s t-test, n = 9, 11, 
from left to right). Dotted line indicates average value for SPF CD fetuses. c, Maternal weight 
change, from E0.5 to E18.5 post-transection, in SPF PR + Na and SPF PR + SCFA dams 
(unpaired Welch’s t-test, n = 9, 11, from left to right). Dotted line indicates average value for SPF 
CD dams. d, Diet eaten, from E0.5 to E18.5 in SPF PR + Na and SPF PR + SCFA dams (unpaired 
Welch’s t-test, n = 9, 11, from left to right). Dotted line indicates average value for SPF CD dams. 
e, Corticosterone measured in serum in SPF PR + Na and SPF PR + SCFA dams at E18.5 
(unpaired Welch’s t-test, n = 9, 11, from left to right). Dotted line indicates average value for SPF 
CD dams. f, Litter size, pups per litters, measured at P0, from SPF PR + Na and SPF PR + SCFA 
dams (unpaired Welch’s t-test, n = 17, 10, from left to right). Dotted line indicates average value 
for SPF CD litters. g, Litter survival (percentage of total litters), from SPF PR + Na pups > SPF 
PR + Na dams and SPF PR + SCFA pups > SPF PR + SCFA dams (n = 17, 9, from left to right). 
Dotted line indicates average value for SPF CD litters. Top row refers to pup condition, bottom 
row refers to dam condition. h, Pup weights, all offspring averaged within each litter (two-way 
repeated measures ANOVA with Sidak, n = 9, 6 litters per group, from top to bottom). Dotted line 
indicates average value for SPF CD litters. i, Adult weights, male and female offspring (two-way 
ANOVA with Sidak, n = 21, 14, 18, 16, from left to right). Mean +/- SEM, *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001, n.s. not significant.  
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Figure 3.S8: Maternal microbial SCFA supplementation does not influence anxiety-like, 
locomotor, or cognitive behavioral measures in adult offspring exposed to gestational 
protein restriction. a, Left: Time in center in open field test, all offspring averaged within each 
litter (Mann Whitney test, n = 6 litters per group). Top row refers to pup condition, bottom row 
refers to dam condition. Dotted line indicates average value for SPF CD litters. Left-middle: 
Distance in center in open field test, controlled by total distance traveled, all offspring averaged 
within each litter (unpaired Welch’s t-test, n = 6 litters per group). Top row refers to pup condition, 
bottom row refers to dam condition. Dotted line indicates average value for SPF CD litters. Right-
middle: Total distance traveled in open field test, all offspring averaged within each litter (unpaired 
Welch’s t-test, n = 6 litters per group). Top row refers to pup condition, bottom row refers to dam 
condition. Dotted line indicates average value for SPF CD litters. Right: Mean speed in open field 
test, all offspring averaged within each litter (unpaired Welch’s t-test, n = 6 litters per group). Top 
row refers to pup condition, bottom row refers to dam condition. Dotted line indicates average 
value for SPF CD litters. b, Left: Latency to escape in Barnes maze, all offspring averaged within 
each litter (n = 6 litters per group). Dotted line indicates average value for SPF CD litters. Right: 
AUC of latency to escape (unpaired Welch’s t-test). Top row refers to pup condition, bottom row 
refers to dam condition. c, Left: Latency to target zone in Barnes maze, all offspring averaged 
within each litter (n = 6 litters per group). Dotted line indicates average value for SPF CD litters. 
Right: AUC of latency to target zone (unpaired Welch’s t-test). Top row refers to pup condition, 
bottom row refers to dam condition. d, Time in target zone in Barnes maze probe trial, all offspring 
averaged within each litter (unpaired Welch’s t-test, n = 6 litters per group). Dotted line indicates 
average values for SPF CD litters. e, Errors made in Barnes maze probe trial, all offspring 
averaged within each litter (unpaired Welch’s t-test, n = 6 litters per group). Dotted line indicates 
average values for SPF CD litters. Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001, n.s. not significant.  
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Figure 3.S9: Adult offspring do not exhibit sexually dimorphic behavioral responses to 
gestational protein restriction and microbial SCFA supplementation. a, Left: Time in center 
in open field test, male and female offspring (Mann Whitney test for each sex, n = 20, 14, 18, 16, 
from left to right). Right: Distance in center in open field test, controlled by total distance traveled, 
male and female offspring (unpaired Welch’s t-test for each sex, n = 20, 14, 18, 16, from left to 
right). b, Left: Latency to escape in Barnes maze acquisition phase, male offspring (n = 21, 13). 
Middle: Latency to escape in Barnes maze acquisition phase, female offspring (n = 18, 16). Right: 
AUC of latency to escape (unpaired Welch’s t-test for each sex). c, Left: Latency to target zone 
in Barnes maze acquisition phase, male offspring (n = 21, 13). Middle: Latency to target zone in 
Barnes maze acquisition phase, female offspring (n = 18, 16). Right: AUC of latency to target 
zone (unpaired Welch’s t-test for each sex). d, Time in target zone in Barnes maze probe trial, 
male and female offspring (Mann-Whitney test for each sex, n = 21, 13, 18, 16, from left to right). 
e, Errors made in Barnes maze probe trial, male and female offspring (Mann-Whitney test for 
each sex, n = 21, 13, 18, 16, from left to right). Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, n.s. not significant.  
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Figure 3.S10: Maternal 10M supplementation has limited impact on gross measures of 
maternal and offspring health. a, Fetal weight at E18.5 from SPF PR + Veh and SPF PR + 10M 
dams, all fetuses averaged within each litter (unpaired Welch’s t-test, n = 11, 10, from left to right). 
Dotted line indicates average value for SPF CD fetuses. b, Maternal weight change, from E0.5 to 
E18.5 post-transection, in SPF PR + Veh and SPF PR + 10M dams (Mann-Whitney test, n = 11, 
10, from left to right). Dotted line indicates average value for SPF CD dams. c, Diet eaten, from 
E0.5 to E18.5 in SPF PR + Veh and SPF PR + 10M dams (Mann-Whitney test, n = 11, 10, from 
left to right). Dotted line indicates average value for SPF CD dams. d, Corticosterone measured 
in serum in SPF PR + Veh and SPF PR + 10M dams at E18.5 (unpaired Welch’s t-test, n = 11, 
10, from left to right). Dotted line indicates average value for SPF CD dams. e, Litter size, pups 
per litters, measured at P0, from SPF PR + Veh and SPF PR + 10M dams (Mann-Whitney test, n 
= 15, 8, from left to right). Dotted line indicates average value for SPF CD litters. f, Litter survival 
(percentage of total litters), from SPF PR + Veh pups > SPF PR + Veh dams and SPF PR + 10M 
pups > SPF PR + 10M dams (n = 15, 8, from left to right). Dotted line indicates average value for 
SPF CD litters. Top row refers to pup condition, bottom row refers to dam condition. g, Pup 
weights, all offspring averaged within each litter (two-way repeated measures mixed effects 
analysis with Sidak, n = 4, 6 litters per group, from top to bottom). Dotted line indicates average 
value for SPF CD litters. h, Adult weights, male and female offspring (two-way ANOVA with Sidak, 
n = 13, 14, 8, 19, from left to right). Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001, n.s. not significant. 
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Figure 3.S11: Maternal 10M supplementation does not influence anxiety-like, locomotor, 
or cognitive behavioral measures in adult offspring exposed to gestational protein 
restriction. a, Left: Time in center in open field test, all offspring averaged within each litter 
(unpaired Welch’s t-test, n = 4, 6 litters per group, from left to right). Top row refers to pup 
condition, bottom row refers to dam condition. Dotted line indicates average value for SPF CD 
litters. Left-middle: Distance in center in open field test, controlled by total distance traveled, all 
offspring averaged within each litter (unpaired Welch’s t-test, n = 4, 6 litters per group, from left 
to right). Top row refers to pup condition, bottom row refers to dam condition. Dotted line indicates 
average value for SPF CD litters. Right-middle: Total distance traveled in open field test, all 
offspring averaged within each litter (unpaired Welch’s t-test, n = 4, 6 litters per group, from left 
to right). Top row refers to pup condition, bottom row refers to dam condition. Dotted line indicates 
average value for SPF CD litters. Right: Mean speed in open field test, all offspring averaged 
within each litter (unpaired Welch’s t-test, n = 4, 6 litters per group, from left to right). Top row 
refers to pup condition, bottom row refers to dam condition. Dotted line indicates average value 
for SPF CD litters. b, Left: Latency to escape in Barnes maze, all offspring averaged within each 
litter (n = 4, 6 litters per group, from top to bottom). Dotted line indicates average value for SPF 
CD litters. Right: AUC of latency to escape (unpaired Welch’s t-test). Top row refers to pup 
condition, bottom row refers to dam condition. c, Left: Latency to target zone in Barnes maze, all 
offspring averaged within each litter (n = 4, 6 litters per group, from top to bottom). Dotted line 
indicates average value for SPF CD litters. Right: AUC of latency to target zone (unpaired Welch’s 
t-test). Top row refers to pup condition, bottom row refers to dam condition. d, Time in target zone 
in Barnes maze probe trial, all offspring averaged within each litter (unpaired Welch’s t-test, n = 
4, 6 litters per group, from left to right). Dotted line indicates average values for SPF CD litters. e, 
Errors made in Barnes maze probe trial, all offspring averaged within each litter (unpaired Welch’s 
t-test, n = 4, 6 litters per group, from left to right). Dotted line indicates average values for SPF 
CD litters. Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant. 
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Figure 3.S12: Adult offspring do not exhibit sexually dimorphic behavioral responses to 
gestational protein restriction and microbial 10M supplementation. a, Left: Latency to 
escape in Barnes maze acquisition phase, male offspring (n = 13, 14). Middle: Latency to escape 
in Barnes maze acquisition phase, female offspring (n = 9, 18). Right: AUC of latency to escape 
(unpaired Welch’s t-test for each sex). b, Left: Latency to target zone in Barnes maze acquisition 
phase, male offspring (n = 13, 14). Middle: Latency to target zone in Barnes maze acquisition 
phase, female offspring (n = 9, 18). Right: AUC of latency to target zone (unpaired Welch’s t-test 
for each sex). Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not 
significant. 
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Nutrient 
20% Protein Diet 

(CD) 
6% Protein Diet (PR) 

  g/Kg g/Kg 

Casein 230 69 

DL-
Methionine 

3 0.9 

Sucrose 431.7 571.8 

Corn Starch 200 200 

Corn Oil 52.3 53.9 

Cellulose 37.86 57.82 

Vitamin Mix, 
Teklad 
(40060) 

10 10 

Ethoxyquin, 
antioxidant 

0.01 0.01 

Mineral Mix, 
Ca-P 

Deficient 
(79055) 

13.37 13.37 

Calcium 
Phosphate, 

dibasic 
16.66 21.6 

Calcium 
Carbonate 

5.1 1.6 

  % by 
weight 

% kcal 
from 

% by 
weight 

% kcal 
from 

Protein 20.3 21.6 6.1 6.5 

Carbohydrate 61.6 65.4 75.6 80.4 

Fat 5.5 13 5.5 13.1 

 
 

Table 3.S1: Nutritional information for control and low-protein diets. 
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Chapter 4: Interactions between maternal fluoxetine exposure, the 

maternal gut microbiome and fetal neurodevelopment in mice 
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Abstract 

Selective serotonin reuptake inhibitors (SSRIs) are the most widely used treatment by women 

experiencing depression during pregnancy. However, the effects of maternal SSRI use on early 

offspring development remain poorly understood. Recent studies suggest that SSRIs can 

modify the gut microbiota and interact directly with particular gut bacteria, raising the question of 

whether the gut microbiome impacts host responses to SSRIs. In this study, we investigate 

effects of prenatal SSRI exposure on fetal neurodevelopment and further evaluate potential 

modulatory influences of the maternal gut microbiome. We demonstrate that maternal treatment 

with the SSRI fluoxetine induces widespread alterations in the fetal brain transcriptome during 

midgestation, including increases in the expression of genes relevant to synaptic organization 

and neuronal signaling and decreases in the expression of genes related to DNA replication and 

mitosis. Notably, maternal fluoxetine treatment from E7.5 to E14.5 has no overt effects on the 

composition of the maternal gut microbiota. However, maternal pretreatment with antibiotics to 

deplete the gut microbiome substantially modifies transcriptional responses of the fetal brain to 

maternal fluoxetine treatment. In particular, maternal fluoxetine treatment elevates localized 

expression of the opioid binding protein/cell adhesion molecule like gene Opcml in the fetal 

thalamus and lateral ganglionic eminence, which is prevented by maternal antibiotic treatment. 

Together, these findings reveal that maternal fluoxetine treatment alters gene expression in the 

fetal brain through pathways that are impacted, at least in part, by the presence of the maternal 

gut microbiota. 

 

1. Introduction  

Major depression occurs in 8–12 % of pregnant women, and the number of pregnant women 

with symptoms of depression has continued to increase [1–3]. Identifying safe and effective 

treatments for depression is of key importance, especially for pregnant women, given that 

factors such as maternal stress and anxiety can increase risk for adverse developmental 
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outcomes in the offspring [4–7]. Among treatment options, selective serotonin reuptake 

inhibitors (SSRIs) are the most widely used class of antidepressants during pregnancy [8]. SSRI 

use is reported to protect against symptoms of maternal mood disorders, with the potential to 

buffer against negative consequences of maternal depression on offspring health [9–15]. 

However, maternal use of SSRIs has also been associated with a number of obstetric 

outcomes, including preterm birth, low birth weight, smaller head circumference, poor neonatal 

adaptation postdelivery and low Apgar scores [16–20]. Neurodevelopmental changes in the 

offspring have also been reported: infants of mothers treated with SSRIs during pregnancy 

exhibited reduced global integration in the frontal brain, increased gray matter in the amygdala 

and increased white matter connectivity in the insular cortex, compared to matched controls 

[21,22]. Animal studies examining the consequences of maternal SSRI exposure on offspring 

brain and behavior have yielded disparate and sometimes conflicting results, pointing to 

complex context-specific effects of maternal SSRI use on developing offspring [23–28]. Exactly 

how maternal SSRI treatment during pregnancy may interact with other physiological factors to 

influence early neurodevelopment in the offspring remains poorly understood.  

Despite the widespread use of SSRIs as a first-line treatment for depression, patient 

responses to SSRIs are highly variable [29,30]. This highlights a need to identify physiological 

factors that modify responses to SSRIs in order to understand the biological basis of treatment 

efficacy. The maternal gut microbiome is one such variable that is increasingly recognized for its 

important roles in the metabolic, immune, and nervous systems [31–37] and for its capacity to 

modulate patient responses to various common medications [38–41]. Indeed, SSRI use is 

associated with alterations in the gut microbiome [42–44] and select gut bacteria can interact 

directly with SSRIs [45,46], which raises the question of whether the maternal microbiome may 

modify host responses to SSRI treatment during pregnancy.  

This study addresses these open questions by investigating the effects of maternal SSRI 

treatment on fetal neurodevelopment and by further evaluating roles for the maternal gut 
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microbiome in modulating observed responses to SSRIs. The results reveal widespread 

influences of maternal fluoxetine treatment on fetal brain gene expression during midgestation, 

which are modified by the maternal gut microbiota, likely through indirect host-microbial 

interactions with SSRIs.  

 

2. Materials and methods  

2.1. Mice  

6–8 week-old specific pathogen-free (SPF) C57BL/6 J mice from the Jackson laboratory 

were group-housed in ventilated cages, with free access to standard rodent chow and water. 

The holding room maintained a controlled temperature (22− 25 ◦C) and humidity, as well as a 

12 -h light/dark cycle. Prior to breeding, bedding from all cages was mixed every 3 days over 14 

days to normalize the gut microbiota across mice. Mice were randomly divided into four groups: 

SPF mice treated with saline (SPF + Veh), SPF mice treated with fluoxetine (SPF + FLX), SPF 

mice pre-treated with antibiotics and treated with saline (ABX + Veh) and SPF mice pre-treated 

with antibiotics and treated with fluoxetine (ABX + FLX). All experiments were performed in 

accordance with the NIH Guide for the Care and Use of Laboratory Animals using protocols 

approved by the Institutional Animal Care and Use Committee at UCLA.  

 

2.2. Antibiotic pre-treatment and timed-matings  

All male and female mice in the ABX + Veh and ABX + FLX groups were orally gavaged 

with an antibiotic cocktail of vancomycin (50 mg/ kg), neomycin (100 mg/kg), and metronidazole 

(100 mg/kg) twice daily at 8:00 and 17:00, for 7 days, while being maintained on drinking water 

supplemented with ampicillin (1 mg/mL). SPF controls were gavaged with saline and maintained 

on standard drinking water. Males and females in each group were then paired for timed-

matings. Mice in the ABX + Veh and ABX + FLX groups were maintained on drinking water 

supplemented with ampicillin (1 mg/mL), neomycin (1 mg/mL) and vancomycin (0.5 mg/mL). 
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Females were checked daily for vaginal plugs. The day of plug observation was considered 

embryonic day 0.5 (E0.5), after which dams were housed individually and monitored for weight 

gain over 14 days.  

 

2.3. Fluoxetine treatment and tissue collection  

On day E7.5, individually housed dams that gained 2− 3 g denoting successful 

pregnancy were assigned randomly to a specific experimental group to either be gavaged daily 

at 8:00 over 8 days with 10 mg/kg fluoxetine hydrochloride [7,8] (FLX, Santa Cruz) or saline as 

the vehicle control (Veh). On E14.5, dams were sacrificed by cervical dislocation to preclude 

any effects of hypoxic stress from CO2 euthanasia on maternal and fetal physiology. Whole 

embryos or embryonic brains were collected for downstream analyses.  

 

2.4. Serotonin and tryptophan measurements  

Maternal blood samples were collected by cardiac puncture and spun through serum 

separation tubes (Becton Dickinson) for 10 min at 1000 RCF (g) at 4 ◦C. E14.5 placenta and 

fetal brains were sonicated on ice for 10 s at 50 mV in enzyme-linked immunosorbent assay 

(ELISA) standard buffer supplemented with 10 % ascorbic acid (Eagle Biosciences). Serotonin 

levels were detected by ELISA assay according to the manufacturer’s instructions (Eagle 

Biosciences, SEU39-K01). Tryptophan levels were measured using the Bridge-IT L-Tryptophan 

fluorescence assay (Mediomics, 1-1-1001) according to the manufacturer’s protocol. Readings 

from tissue samples were normalized to total protein content as detected by the 660 nm Protein 

Assay (Thermo Pierce, 22662). All samples were run in triplicate, and controls and standards 

were run in duplicate. Optical density was read at 405 nm on a Synergy H1 Hybrid Multimodal 

plate reader (BioTek). Mean absorbance per sample was calculated based on a standard curve 

of serial dilutions and triplicates were confirmed to exhibit a coefficient of variability of less than 

10 %.  
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2.5. Fluoxetine quantitation  

Fluoxetine (1 μM, 10 μM, and 100 μM) was added to water to confirm detection and 

retention time (RT) =1.89 min. For standards, fluoxetine (10 μM, 1 μM, 100 nM, and 10 nM) was 

added to control serum samples before metabolite extraction. 50 μL standard and experimental 

serum samples were mixed with 50 μL H2O and 400 μL of 100 % methanol, the samples were 

vortexed for 10 s, placed at − 80 ◦C for 20 min. Samples were centrifuged and the cell free 

supernatant was mixed with 300 μL H2O and 400 μL chloroform. The aqueous layer containing 

fluoxetine was transferred to glass vials (Thermo Fisher Scientific, 13-622-351) and dried in a 

Genevac EZ-2 Elite evaporator. At the UCLA Metabolomics core facility, dried samples were 

resuspended in 50 % Acetonitrile (ACN):water. Utilizing a Vanquish Flex (Thermo Scientific) 

UPLC, 1/ 10th of the sample was loaded onto a Luna 3um NH2 100A (150 × 2.0 mm) column 

(Phenomenex) equilibrated to 15 % mobile phase A (5 mM NH4AcO pH 9.9) and 85 % B (ACN). 

Metabolite was eluted with a 4 min gradient of 15 %–90 % A at a flow rate of 200 μl/min, 

followed by reequilibration to 15 % A. Metabolite was detected with a Q Exactive (Thermo 

Scientific) mass spectrometer in full MS mode with positive ionization mode and at 70 K 

resolution. The data files were then converted to mzXML files with MSConvert and extracted 

with Maven (v8.1.27.5) for fluoxetine ([M+H]+ = 310.14133).  

 

2.6. 16S rRNA gene sequencing and analysis  

Fecal samples were collected for the SPF + Veh and SPF + FLX groups on gestational 

days E3.5, E6.5, E8.5, E11.5 and E14.5, and kept frozen at − 80 ◦C. Bacterial genomic DNA 

was extracted from frozen fecal samples using the Qiagen DNeasy Powersoil Kit, and purified 

using the QIAquick PCR Purification Kit. The sequencing library was generated according to 

methods adapted from Caporaso et al. [47]. The V4 regions of the 16S rRNA gene were 

amplified by PCR using universal primers barcoded with unique oligonucleotides, Illumina 
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adaptors, and 30 ng of the extracted genomic DNA. The PCR reaction was set up in triplicates, 

and the product was then purified again using the QIAquick PCR purification kit (Qiagen). DNA 

concentration was quantified using a BioTek Synergy H1 Multimodal microplate reader, and 250 

ng of purified PCR product from each sample was pooled and sequenced by Laragen, Inc. 

Sequencing was performed using the Illumina MiSeq platform and 2 × 250 bp reagent kit for 

paired-end sequencing. Operational taxonomic units (OTUs) were chosen by open reference 

OTU picking based on 99 % sequence similarity to the most recent SILVA 132 database 

[48,49]. Taxonomy assignment and rarefaction were performed using QIIME2− 2020.2.0 [50].  

 

2.7. Fetal brain RNA sequencing and analysis  

Embryonic brains were dissected on E14.5 and homogenized in Trizol Reagent 

(Invitrogen), using three biological replicates per group as the minimum for inferential analysis 

[51]. RNA was extracted using the RNAeasy Mini kit with on-column genomic DNA-digest 

(Qiagen). RNA quality of RIN > 8.0 was confirmed using the 4200 Tapestation system (Agilent). 

RNA was prepared using the TruSeq RNA Library Prep kit, and 2 × 69 bp paired-end 

sequencing was performed using the Illumina HiSeq 4000 platform by the UCLA Neuroscience 

Genomics core facility. FastQC v0.11.8 and HiSAT2 2.1.0 [52,53] were used for quality filtering 

and mapping. Reads were aligned to UCSC Genome Browser assembly ID: mm10. Differential 

expression analysis of p < 0.05 was conducted using DESeq2 1.24.0 [54]. Heatmaps were 

generated using the pheatmap package for R. GO term enrichment analysis of differentially 

expressed genes with q < 0.05 (Benjamini-Hochberg correction) was conducted using DAVID 

v6.8 [55]. Protein interaction networks were generated using STRING v10.5 using a minimum 

required interaction score of highest confidence (0.900) and maximum number of interactions of 

no more than 5 interactors, and line thickness is based on confidence of interaction. Functional 

enrichments nodes were categorized by GO: biological process, molecular function, and cellular 
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component and/or KEGG pathways using a false discovery rate (FDR) less than 0.05 

(Benjamini-Hochberg correction).  

 

2.8. Quantitative RT-PCR  

E14.5 brains were dissected and sonicated in Trizol for RNA isolation using the 

RNAeasy Mini kit with on-column genomic DNA-digest (Qiagen). cDNA synthesis was 

performed using the qScript cDNA synthesis kit (Quantabio). qRT-PCR was performed on a 

QuantStudio 5 thermocycler (ThermoFisher Scientific) using SYBR green master mix with Rox 

passive reference dye and validated primer sets obtained from Primerbank (Harvard).  

 

2.9. Microcomputed tomography (μCT)  

Whole embryos were serially dehydrated in 30 %, 50 %, and 70 % ethanol overnight at 4 

◦C eachand incubated in 4% (w/v) phosphotungstic acid (EPTA) diluted in 70 % EtOH for 4 days 

at 4 ◦C. Embryos were scanned at 80 kVp/140 μA with 500 ms exposure and a 5-frame average 

at a resolution of 20 μm using a μCT scanner (HiCT) developed by the Chatziioannou Lab at the 

Crump Institute for Molecular Imaging at UCLA. 2-dimensional images were reconstructed 

following dynamic range adjustment using gaussian smoothing. Regions of interest (ROI) for 

embryo and brain volume measurements were selected manually, and EPTA-stained tissue was 

segmented based on contrast to give a final embryo and brain volume measurement (mm3 ) 

within the ROI. Whole embryo and brain volumes were reconstructed and measured using 

Amide software (amide.exe 1.0.4).  

 

2.10. Fluorescence in situ hybridization  

E14.5 embryos were harvested, immediately frozen in liquid nitrogen and then 

embedded in cryo-embedding medium OCT (Tissue-Tek, VWR). Fetal brains were cut into 15 

μm sections, mounted onto SuperFrost Plus slides and post-fixed in 4 % paraformaldehyde for 
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15 min at 4 ◦C. Sections were then serially dehydrated in 50 %, 70 %, 100 % and 100 % ethanol 

for 5 min each at room temperature and processed using the RNAscope Multiplex Fluorescent 

Kit V2 (Advanced Cell Diagnostics Inc, 323100). Sections were incubated for 2 h at 40 ◦C with 

3-plex positive control probe (320881), 3-plex negative control probe (320871) or customized 

target probes for mouse gene Mm-Opcml (824171). Following probe hybridization, sections 

were washed twice with wash buffer (ACD, 310091), and then sequentially hybridized with 

amplifier 1, 2, and 3 at 40 ◦C for 30 min, 30 min, and 15 min, respectively. HRP signal was 

developed and visualized in Opal Dye 690 channel. Sections were then counterstained with the 

nuclear marker DAPI and mounted using ProLong Gold Antifade Mountant.  

 

2.10.1. Fluorescence in situ hybridization imaging  

Slides were imaged using a 20X objective on a Zeiss LSM780 confocal microscope, 

equipped with a Diode 405 (1 %) and HeNe 633 nm at 17 %. Images were acquired with 0.7 

and 1X zoom, average line 2, pixel dwell of 3.15 μs at a 1024 × 1024 pixel resolution. Scans 

were exported using the Zen 2.1 (Blue Edition) software. 

 

2.10.2. Fluorescence in situ hybridization image analysis  

Images of somatosensory neocortex, thalamus, lateral ganglionic eminence, striatum 

and hippocampus were deidentified and analyzed using ImageJ (version: 2.0.0-rc-69/1.52p) by 

a researcher blinded to experimental group. Channels were split into different windows, and the 

scale was set to 1.2 pixels/ μm. Raw integrated density of Opcml in each image was measured 

to assess total fluorescence. Then, the DAPI channel of each image was thresholded to 30/255, 

and the area was measured to ascertain total brain area. Opcml integrated density was divided 

by the DAPI area for that image, to calculate total raw integrated density per μm2 . For 

somatosensory neocortex, thalamus and striatum, the whole image was quantified, and for 
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lateral ganglionic eminence and hippocampus, an ROI was drawn to isolate the region from 

adjacent tissue.  

 

2.11. Fluorescence immunohistochemistry  

E14.5 embryos were quickly collected and fixed in 4 % paraformaldehyde for 24 h at 4 

◦C, after which they are transferred to a 30 % sucrose solution for cryoprotection. After a week 

in sucrose, embryos were frozen in OCT (Tissue-Tek, VWR) and stored at − 80 ◦C. Embryos 

were sectioned sagittally at 10 μm, mounted on Superfrost Ultra Plus glass slides 

(ThermoFisher Scientific) and stored at − 20 ◦C. Slides were incubated in DAKO antigen 

retrieval solution (Agilent) at 90 ◦C for 2 min, washed with 1X PBS, and then incubated for 1 h at 

room temperature with 10 % normal donkey serum. Slides were then incubated with primary 

antibodies for 30 h at 4 ◦C: anti-5-HT (rat monoclonal, Abcam, ab6336, 1:100), anti-SERT 

(rabbit polyclonal, Abcam, ab9726, 1:500), or anti-Tph2 (goat polyclonal, US Biological 208476, 

1:500). Slides were incubated with the respective secondary antibody for 1 h at room 

temperature: donkey anti-rat Alexa Fluor 488, 1:1000; donkey anti-goat, Alexa Fluor 568, 

1:1000; donkey anti-rabbit, Alexa Fluor 647, 1:1000 (ThermoFisher Scientific). Slides were 

mounted with Prolong Gold antifade reagent with DAPI (ThermoFisher Scientific), air-dried for 1 

h, and maintained at 4 ◦C.  

 

2.11.1. Fluorescence immunohistochemistry imaging  

Slides were imaged using a 20X objective on a Zeiss LSM780 confocal microscope, 

equipped with an Argon laser (488 nm) at 14 %, a Diode 561 nm at 10 % and HeNe 633 nm at 

15 %. Images were acquired across eight z-sections, scanning a total of 5.31 μm at a 1024 × 

1024 pixel resolution. Scans were tiled in the Zen Black Edition software and stitched using the 

Zen 2.1 (Blue Edition) software.  
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2.11.2. Fluorescence immunohistochemistry image analysis  

To compare 5-HT+, SERT + and Tph2+ expression in each group, sagittal E13.5 and 

E15.5 brain sections from the Allen Developing Mouse Brain Atlas (2008) were used as a 

reference to locate the dorsal raphe nucleus (DRN) and axons. DRN neurons were counted 

using the ImageJ Puncta Analyzer plugin [56]. A DRN standard region of interest (ROI) was 

used to measure cells that colocalized with 5-HT+ and SERT+ fluorescence, or 5-HT+ and 

Tph2+ fluorescence in the DRN. Separately, three standard ROIs were used to measure the 

number of 5-HT+, SERT+ and Tph2+ puncta and integrated density in DRN axon projections. 

Quantifications were normalized to the area of the ROIs and background noise was subtracted. 

 

2.12. Statistical analysis  

Statistical analyses were performed in Prism 8 software. Given that maternal fluoxetine 

treatment and microbiome status are the primary experimental variables across experiments, 

biological sample sizes reflect the number of maternal biological replicates. Experiments 

evaluating fetal outcomes include at least 2 randomly selected embryos per dam, where data 

from offspring from a single dam were averaged to represent the dam as the biological “n”. 

Therefore, data in quantitative RT-PCR, immunofluorescence staining, fluorescence in situ 

hybridization, maternal weight, fetal numbers and size, and ELISA experiments are represented 

as n = independent maternal dam. Differences among ≥ 2 groups with only one variable were 

assessed using one-way ANOVA with Tukey’s or Sidak’s post-hoc test. Two-way ANOVA with 

Tukey’s or Sidak’s post-hoc test was used for ≥ 2 groups with two variables. Taxonomic 

comparisons from 16S rRNA gene sequencing analysis were analyzed by Kruskal-Wallis test 

with Tukey’s post-hoc test. Significant differences emerging from the above tests are indicated 

in the figures by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Notable nonsignificant 

differences are indicated in the figures by “n.s.”.  
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3. Results  

3.1. Maternal fluoxetine treatment from E7.5 to E14.5 has no significant effects on maternal 

weight, litter size, fetal volume or fetal brain volume  

To first examine effects of maternal fluoxetine treatment from E7.5 to E14.5 on gross 

metrics of maternal and fetal health, conventionally-colonized pregnant dams were orally 

gavaged with fluoxetine (10 mg/ kg; SPF + FLX) or saline as a vehicle control (SPF + Veh) once 

daily from E7.5–14.5 (Fig. 4.1A). The E7.5 to E14.5 timeframe was chosen because of its 

clinical relevance to prenatal SSRI exposure [18,57,58]. Mass spectrometry-based assessment 

of maternal serum indicated that oral fluoxetine treatment of pregnant dams yielded serum 

fluoxetine concentrations of 1.597 ± 0.1618 μM (mean ± s.e.m.) on E14.5 (Fig. 4.S1A, B, p = 

0.0001, F = 23.92). There were no statistically significant differences in maternal weight before 

fluoxetine treatment, but a modest decrease following fluoxetine treatment (Fig. 4.S2A-C, p = 

0.039, F = 6.625). Interestingly, pregnant dams that were treated with fluoxetine exhibited 

modest, though statistically significant, increases in cecal weight on E14.5 (Fig. 4.S2D, p = 

0.0305, F = 77.79), which may align with expected responses to the proposed antibacterial 

effects of fluoxetine [59]. Contrary to a previous report that treated pregnant dams of a different 

mouse strain (129/SvEvTac) with fluoxetine in drinking water (approximately 10 mg/kg/day) for 

14 days [60], we observed no statistically significant alterations in average litter size after 

maternal fluoxetine treatment during midgestation (Fig. 4.S2E). Microcomputed tomography 

(μCT)-based imaging indicated no statistically significant effects of maternal fluoxetine treatment 

on embryo or brain volume (Fig. 4.S2F-H). Altogether, these data reveal modest effects of 

maternal fluoxetine treatment during midgestation on gross metrics of maternal weight, and no 

overt effects on fetal health.  

 

3.2. Maternal fluoxetine treatment from E7.5 to E14.5 alters the fetal brain transcriptome  
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In the absence of overt effects of maternal fluoxetine treatment on fetal brain size, we 

next asked whether maternal fluoxetine treatment alters gene expression in the fetal brain. Fetal 

brains were harvested on E14.5 from dams treated with fluoxetine or vehicle, and processed for 

RNA sequencing and differential gene expression analysis. E14.5 was selected as a time point 

reflecting several active early neurodevelopmental events, including neurogenesis, neuronal 

migration, axon outgrowth, and synapse formation [61]. Transcriptomic analysis revealed that 

maternal fluoxetine treatment significantly altered the expression of 864 genes in the fetal brain, 

with 451 upregulated and 413 downregulated in fetal brains from offspring of fluoxetine-treated 

dams relative to those from saline-treated controls (Fig. 4.1B). In particular, maternal fluoxetine 

treatment increased the expression of genes that clustered into pathways related to synapse 

organization, cognition, locomotory behavior, and neurotransmission in the fetal brain (Fig. 

4.1C, Fig. 4.S3A) and decreased the expression of genes most relevant to cell cycle, mitosis, 

DNA repair and DNA replication pathways in the fetal brain (Fig. 4.1D, Fig. 4.S3B). Among the 

differentially expressed genes, maternal fluoxetine treatment induced widespread reductions in 

the expression of several histone-related genes in the fetal brain (Hist1h4k, Hist1h3a, Hist1h4b, 

Hist1h3c, Hist1h4j, Hist1h3bj, Hist1h2ac, Hist1h3e, and Hist1h2bk), which encode nuclear 

proteins that play a central role in transcription regulation, DNA repair, DNA replication, and 

chromosomal stability (Fig. 4.1E, F). In contrast, maternal fluoxetine treatment increased the 

expression of select genes that encode for zinc finger proteins (Zfp455 and Zfp804b) and 

calcium ion binding proteins (Syn1 and Necab1) (Fig. 4.1E, F). In addition, maternal fluoxetine 

treatment increased the gene expression of Opcml, which is part of a family of cell adhesion 

molecules that regulate neurite outgrowth, dendritic arborization and synapse formation [1] (Fig. 

4.1E, F). These data reveal that maternal fluoxetine treatment elicits global alterations in the 

fetal brain transcriptome that have the potential to impact early neurodevelopment.  
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3.3. Maternal fluoxetine treatment from E7.5 to E14.5 has no significant effect on the fetal 

serotonergic system  

5-HT is an important signaling molecule in the fetal brain that is derived from both central 

and peripheral sources [62–64]. The development of the serotonergic system in the fetal brain 

begins with the neurogenesis of 5-HT neurons from E9.5–12, followed by a series of neuro-

maturational events that continue through the third postnatal week of life [65]. SSRIs inhibit the 

5-HT transporter SERT to modulate the bioavailability of 5-HT and shape key components of 

the serotonergic system [27,66,67]. In light of reports that fluoxetine, and other SSRIs, can 

cross the placenta, we asked if the effects of maternal fluoxetine treatment on fetal brain gene 

expression could be due to direct effects of fluoxetine on the fetal serotonergic system. To gain 

insight, we first assessed effects of maternal fluoxetine treatment on levels of 5-HT and its 

precursor tryptophan in maternal serum and fetal brain at E14.5. As an expected response to 

the inhibition of SERT-dependent uptake of 5-HT by blood platelets [68], maternal fluoxetine 

treatment significantly decreased maternal serum levels of 5-HT relative to vehicle-treated 

controls (p = 0.0333, F = 4.336), with no effects on levels of maternal tryptophan (Fig. 4.S4A, 

B). While maternal fluoxetine could act on placental SERT to regulate development of the fetal 

brain [66,69,70], maternal fluoxetine treatment did not alter levels of 5-HT and tryptophan in the 

placenta relative to vehicle-treated controls (Fig. 4.S4C, D). Notably, maternal fluoxetine 

treatment had no statistically significant effects on levels of 5-HT or tryptophan in the fetal brain, 

suggesting no direct effects of maternal fluoxetine on the bioavailability of 5-HT in the fetal brain 

(Fig. 4.S4E, F). To further evaluate the possibility for maternal fluoxetine treatment to alter fetal 

development of the central serotonergic system, serotonergic neurons of the fetal dorsal raphe 

nucleus (DRN) were stained and imaged for 5-HT, SERT, and Tph2, the rate-limiting enzyme 

for neuronal 5-HT synthesis. Compared to vehicle-treated controls, there were no statistically 

significant effects of maternal fluoxetine treatment on the density of 5-HT-, SERT, or Tph2-

positive neurons in the DRN (Fig. 4.S5A-G), or on the integrated density and number of 5-HT-, 
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SERT-, or Tph2-positive axonal projections from DRN to the prefrontal cortex (Fig. 4.S5H-N). 

Together, these results indicate that maternal fluoxetine treatment has no significant effect on 

levels of 5-HT or development of serotonergic DRN neurons in the fetal brain. These findings 

further suggest that the observed transcriptional responses to maternal fluoxetine treatment in 

the fetal brain are likely not due to direct effects of fluoxetine on the fetal serotonergic system.  

 

3.4. Maternal fluoxetine treatment has no overt effects on the maternal gut microbiota  

SSRI use is associated with alterations in the composition of the human gut microbiome 

[42–44], and select bacterial members of the gut microbiota can interact directly with fluoxetine 

[45,46,71]. To examine effects of maternal fluoxetine treatment on the composition of the 

maternal gut microbiota, we performed 16S rRNA gene sequencing on maternal fecal samples 

collected before treatment, on E3.5 and E6.5, and during fluoxetine or vehicle treatment on 

E8.5, E11.5, and E14.5. There was no significant effect of maternal fluoxetine treatment on the 

alpha diversity of the gut microbiota (Fig. 4.S6A). Of note, we observed a modest but not 

statistically significant reduction in fecal microbial Shannon diversity after 1 and 7 days of 

maternal fluoxetine treatment (Fig. 4.S6A, E8.5 and E14.5), which may align with the modest 

fluoxetine-associated increases in maternal cecal weight on E14.5 (Fig. 4.S2D). There was also 

no overt effect of maternal fluoxetine treatment on global beta diversity of the gut microbiota, as 

assessed by principal coordinate analysis of weighted Unifrac distances (Fig. 4.S6B). Despite 

no significant changes in the relative levels of abundant bacterial taxa (Fig. 4.S6C, D), select 

rare microbial taxa were significantly altered in the fecal microbiota of fluoxetine-treated dams 

compared to vehicle-treated controls (Fig. 4.S6E-H). In particular, maternal fluoxetine treatment 

correlated with significant increases in the relative abundance of Lachnospiraceae bacterium 

COE1, a short-chain fatty acid-producing bacterium [3] (Fig. 4.S6E, p(E8.5) = 0.008, p(E11.5) = 

0.005, p(E14.5) = 0.039). The relative abundances of Blautia and Lachnoclostridium were 

significantly increased on select days after maternal fluoxetine treatment (Fig. 4.S6F p(E6.5) = 



 

 

132 

 

 

0.036, p(E8.5) = 0.033, p(E14.5) = 0.03, 6 G, p(E11.5) = 0.03). Lachnospiraceae UCG-006 was 

increased in the fecal microbiota of dams from the fluoxetine-treated group, compared to the 

vehicle-treated group, at baseline, before initiating treatments (Fig. 4.S6H, p(E3.5) = 0.04, 

p(E8.5) = 0.02). Whether these modest alterations in select low-abundance bacterial taxa will be 

reproducible across independent iterations of maternal fluoxetine treatment is uncertain. 

Overall, these results reveal that maternal fluoxetine treatment from E7.5-E14.5 has no overt 

effect on the composition of the maternal gut microbiota in mice.  

 

3.5. Depletion of the maternal gut microbiome modifies fetal brain transcriptomic responses to 

maternal fluoxetine treatment  

While the results from this study indicate that maternal fluoxetine treatment from E7.5-

E14.5 does not substantially alter the composition of the maternal gut microbiota (Fig. 4.S6), 

whether the presence of a complex gut microbiota impacts fetal responses to maternal 

fluoxetine treatment is unclear. To address this question, female mice were pre-treated with 

broad spectrum antibiotics to deplete the microbiota from pre-conception through midgestation, 

or treated with vehicle as a negative control. Pregnant dams were subjected to oral fluoxetine or 

saline treatment as in experiments described above, and E14.5 fetal brains were subjected to 

RNA sequencing and analysis (Fig. 4.2A). Compared to vehicle controls (Fig. 4.1), maternal 

pre-treatment with antibiotics to deplete the gut microbiome induced widespread alterations in 

fetal brain transcriptomic responses to maternal fluoxetine treatment (Fig. 4.2B). Notably, the 

gene expression profiles from fetal brains belonging to antibiotic- and fluoxetine-treated dams 

(ABX + FLX) clustered closely with those from conventional vehicle-treated controls (SPF + 

Veh), and apart from antibiotic-treated controls (ABX + Veh), suggesting that the transcriptional 

changes occur, at least in part, in response to interactions between maternal antibiotic and 

fluoxetine treatment rather than additive effects of the two independent variables (Fig. 4.2B). 

Consistent with this, maternal fluoxetine treatment significantly altered 864 genes in the fetal 
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brain (Figs. 4.1 and 4.2C), and the differential expression of 264 (~30 %) of the 864 genes was 

prevented by maternal antibiotic pre-treatment (Fig. 4.2C, D). Of these 264 genes, the 161 that 

were upregulated in response to maternal fluoxetine treatment and prevented by maternal 

antibiotic pre-treatment mapped to pathways related to the regulation of membrane potential, 

synapse organization, and cognition (Fig. 4.2E, Fig. 4.S7A, C), whereas the 101 genes that 

were downregulated in response to maternal fluoxetine treatment and prevented by maternal 

antibiotic pretreatment aligned with pathways related to cell cycle, nuclear division, and DNA 

repair and replication pathways (Fig. 4.2F, Fig. 4.S7B, D). In addition to these, maternal 

antibiotic pre-treatment yielded an additional 840 differentially expressed genes in the fetal 

brains of offspring from fluoxetine-treated dams (Fig. 4.2C). Notably, maternal fluoxetine 

exposure also elicited many gene expression alterations in the fetal brain that were non-

overlapping: of the 864 genes that were differentially expressed in response to fluoxetine 

treatment, 600 were not affected by maternal antibiotic treatment (Fig. 4.2C, Fig. 4.S8). Taken 

together, these data strongly suggest that the presence of the maternal gut microbiota 

conditions host physiologies that impact fetal responses to maternal fluoxetine exposure during 

pregnancy.  

 

3.6. Maternal fluoxetine treatment from E7.5-E14.5 elevates Opcml expression, which is 

prevented by maternal antibiotic treatment  

Maternal pre-treatment with antibiotics modified fetal brain transcriptomic responses to 

maternal fluoxetine treatment, preventing the differential expression of ~30 % of fluoxetine-

induced alterations in gene expression and further inducing statistically significant changes in an 

additional 840 genes (Fig. 4.2, Fig. 4.S7). A subset of the genes that were upregulated by 

maternal fluoxetine treatment and prevented by antibiotic pre-treatment were relevant to 

pathways for cell adhesion and synapse organization, key processes for neurite outgrowth and 

circuit wiring (Fig. 4.2E, G, H, Fig. 4.S7A, C, Fig. 4.S9). In particular, maternal fluoxetine 
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treatment increased gene expression of the neural adhesion molecule, Opcml, in E14.5 fetal 

brains, as compared to vehicle-treated controls, which was prevented by maternal antibiotic pre-

treatment (Fig. 4.S9B). These alterations were confirmed by quantitative RT-PCR of a larger set 

of fetal brain samples across each experimental group (Fig. 4.S9C). Opcml encodes the opioid 

binding cell adhesion molecule, a member of the IgLON subfamily, which is important for 

dendritic spine maturation, synaptogenesis and axonal outgrowth [72–75].  

Neurite outgrowth and synapse formation are critical processes for prenatal neural circuit 

development [4]. To further examine effects of maternal fluoxetine treatment and antibiotic pre-

treatment on localized expression of Opcml, we performed RNAScope-based in situ 

hybridization in E14.5 fetal brain sections using transcript-specific probes. Consistent with 

previous reports [72,76], Opcml transcript was distributed prominently within the developing 

somatosensory neocortex, thalamus, lateral ganglionic eminence, and striatum, and sparsely in 

the hippocampus (Fig. 4.3A–E). Consistent with findings from RNA sequencing (Fig. 4.2G, Fig. 

4.S9B) and quantitative RT-PCR (Fig. 4.S9C), quantification of Opcml integrated density 

indicated that maternal fluoxetine treatment increased Opcml transcript in the fetal thalamus (p 

= 0.0133, F = 4.751) and lateral ganglionic eminence (p = 0.0018, F = 8.260) compared to 

vehicle-treated controls (Fig. 4.3A–D, F–I), with near significance in fetal somatosensory 

neocortex (p = 0.0763) and striatum (p = 0.0631), and no significant differences in the 

hippocampus (Fig. 4.3E, J). The localized increases in Opcml transcript were prevented by 

maternal antibiotic pre-treatment (Fig. 4.3A–D, F–I), indicating that depletion of the maternal 

microbiome abrogates this particular fetal response to maternal fluoxetine treatment. 

 

3.7. Antibiotic pre-treatment of fluoxetine-treated dams has no significant effects on gross 

metrics of maternal and fetal health, maternal serum fluoxetine levels, or components of the 

fetal serotonergic system  
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The gut microbiome has the capacity to modify host responses to SSRIs directly or 

indirectly through myriad mechanisms. Particular gut microbes are reported to respond to, 

metabolize, or biotransform fluoxetine [45,71,77]. To assess the possibility of such direct effects 

of the maternal gut microbiome on the bioavailability of fluoxetine in the host, fluoxetine 

concentrations were measured by mass spectrometry in fluoxetine-treated dams that were pre-

treated with antibiotics. There was no statistically significant effect of maternal antibiotic pre-

treatment on E14.5 serum fluoxetine levels in fluoxetine-treated dams (Fig. 4.S1A, B). This 

suggests that the effects of maternal gut microbiome on modifying fetal responses to maternal 

fluoxetine treatment are likely not due to direct interactions between gut bacteria and antibiotics 

or fluoxetine. It further suggests that any indirect effects of the maternal gut microbiome on 

modulating host physiological processes that impact fluoxetine bioavailability, such as host 

xenobiotic metabolism or transport [38,40,41,78], are also not responsible.  

We next considered if the maternal gut microbiome may impact the fetal serotonergic 

system to modify responses to maternal fluoxetine treatment. Maternal antibiotic pre-treatment 

had no significant effects on concentrations of 5-HT or tryptophan in the fetal brain (Fig. 4.S4C, 

D), or on numbers of 5-HT-, Tph2-, or SERT-positive neurons in the fetal DRN (Fig. 4.S5). This 

suggests that the maternal gut microbiome does not modify fetal transcriptomic responses to 

fluoxetine via alterations to the fetal serotonergic system. There were also no significant effects 

of maternal antibiotic pretreatment on maternal weight, litter size or fetal volume (Fig. 4.S2), 

suggesting that the ability of the maternal gut microbiota to modify fetal responses to maternal 

fluoxetine treatment are not due to overt microbial influences on gross metrics of maternal or 

fetal health. Taken together, these data support the notion that the maternal gut microbiome 

modifies fetal responses to maternal fluoxetine treatment through indirect effects on host 

physiologies that impact fetal neurodevelopment.  

 

4. Discussion  
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While maternal depression is a growing medical concern, precisely how SSRI use during 

pregnancy impacts maternal and offspring health remains a controversial issue [10,12,18]. 

Results from this study demonstrate that effects of maternal SSRI use on offspring development 

can begin prenatally, as maternal treatment with the common SSRI fluoxetine during pregnancy 

induces global changes in the fetal brain transcriptome by midgestation in mice. In addition, we 

find that the effects of maternal SSRI exposure on gene expression in the fetal brain are 

modified by maternal treatment with antibiotics. This suggests that the maternal gut microbiome 

is a physiological factor that influences host responses to SSRI exposure.  

Notably, the experimental paradigms used in this study isolate maternal SSRI exposure 

and maternal antibiotic treatment to determine their individual vs. combined effects on fetal 

neurodevelopment. A major caveat of the study is that the interventions are administered to 

conventional dams in the absence of a model of maternal adversity. This detracts from the 

clinical relevance of the system, as the study does not capture effects of SSRIs that may be 

unique to the context of a maternal affective disorder. Rather, the findings from the study 

provide fundamental proof-of-principle that maternal exposure to fluoxetine during midgestation 

can impact gene expression in the brain, independently of maternal adversities such as 

depression, stress or anxiety. They further reveal interactions between the effects of maternal 

fluoxetine exposure and the effects of the maternal microbiome which together determine 

outcomes on fetal brain transcriptomes. Based on these results, future efforts are warranted to 

explore interactions between maternal SSRI use and the gut microbiome in the context of a 

maternal depression and/or anxiety model.  

Interestingly, the influences of maternal fluoxetine treatment on gene expression in the 

fetal brain occur independently of alterations in the fetal serotonergic system. Although prior 

studies report that fluoxetine can readily cross the placenta to enter the fetus in humans, mice 

and rats [79–81], findings from our experimental paradigm of oral fluoxetine treatment of dams 

suggest that effects on the fetal brain are likely not due to direct entry of fluoxetine to inhibit fetal 



 

 

137 

 

 

SERT. In addition, previous studies in rodents reported that prenatal fluoxetine treatment 

induces maternal weight loss, reduced live birth rate, decreased litter size, and increased 

neonatal mortality [60,82], which we also did not observe. The discrepancies could be due to 

differences in length of fluoxetine treatment (previous studies treated for 14 days from early to 

midgestation or mid to late gestation vs. in our experiments we treated for 7 days from early to 

midgestation), route of administration (previous studies, drinking water vs. in our experiments, 

via oral gavage), or dosage (previous studies, 10− 12 mg/kg vs. in our experiments, 10 mg/kg 

reflecting clinically relevant doses of fluoxetine, as scaled to mice). Overall, the lack of overt 

disruptions to maternal and fetal health in the experimental paradigm used in this study offer the 

opportunity to examine effects of maternal fluoxetine treatment on fetal neurodevelopment in the 

absence of potentially confounding developmental alterations.  

We observe that maternal fluoxetine treatment from E7.5 to E14.5 induces widespread 

changes in the fetal brain transcriptome during midgestation, characterized by differential 

expression of genes relevant to synapse organization, cognition, locomotory behavior, 

regulation of mitotic cell cycle and DNA repair pathways. Interestingly, a previous study of 

maternally stressed Slc6a4-/- mice, which are deficient in SERT, the molecular target for 

fluoxetine, reported that E13.5 fetal brains exhibited increased expression of genes involved in 

neuron projection and forebrain development pathways [83]. A comparison of the gene 

expression changes reported in the Slc6a4-/- study relative to those observed herein suggest 

some common phenotypes, in genes related to synapse organization, synaptic vesicle, cell 

cycle, and DNA replication, but also many differing phenotypes. For example, we observe 

substantial alterations in genes related to developmental cell growth, regulation of microtubule 

organization, ribosome organization and RNA splicing in fetal brains of offspring from dams 

treated with fluoxetine, which were not reported in offspring of Slc6a4-/- dams. Many factors 

may contribute to the discrepancies, including developmental influences of constitutive SERT 

deficiency as opposed to the brief SSRI intervention used in this study. Another potential 
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consideration is the possibility that fluoxetine has physiological effects that occur independently 

of SERT inhibition. Indeed, fluoxetine is reported to exhibit “off-target” interactions with serotonin 

5-HT2B receptor, dopamine D2 receptor, TREK-1 potassium channel, and purine P2X4 receptor 

[84–88] and to influence many physiological systems outside of the nervous system, such as 

the immune and vascular systems [89,90]. Further, fluoxetine could potentially regulate fetal 

brain development through a SERT-independent pathways, by binding to tyrosine kinase 

receptor 2, the brain-derived neurotrophic factor receptor, to regulate embryonic cortical cell 

cycle, neuronal proliferation, and neurogenesis [91,92] or act on the dopamine D2 receptor in 

the developing brain to impact organization of neuronal networks [93].  

The gut microbiome modulates the peripheral serotonergic system, promoting 5-HT 

biosynthesis from enterochromaffin cells in the gastrointestinal tract [94–97], as well as the 

central serotonergic system, altering the expression of subsets of 5-HT receptors and levels of 

5-HT in select brain regions [98,99]. Recent studies suggest that the gut microbiome can also 

interact with SSRIs, through direct or indirect mechanisms [45,100–102]. We find that pre-

treating dams with antibiotics to deplete the maternal gut microbiome substantially modifies fetal 

brain transcriptomic responses to maternal fluoxetine treatment. In particular, ~30 % of the gene 

expression changes induced by maternal fluoxetine treatment are prevented by maternal 

antibiotic pre-treatment, and an additional 840 genes are differentially expressed when 

fluoxetine-treated dams are pre-treated with antibiotics.  

Notably, the transcriptomic profiles induced by the combined maternal treatments are 

distinct from those seen in response to maternal fluoxetine alone or antibiotics alone. This 

suggests that there are interactions between the two variables, maternal SSRI exposure and 

maternal gut microbiome, that together alter gene expression in the fetal brain. Notably, these 

influences of the maternal gut microbiome appear to be conferred via its homeostatic effects on 

host physiology, rather than select taxonomic or functional shifts in response to fluoxetine 

treatment. Indeed, we observe no striking effects of maternal fluoxetine treatment from E7.5-
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E14.5 on the composition of the gut microbiota, with Lachnospiraceae COE1 being the only 

taxon that was persistently and significantly increased in response to maternal fluoxetine 

treatment. While this could align with previous reports that UC Lachnospiraceae is increased 

with fluoxetine treatment and decreased in depressed patients [39,45,101,103], another study 

suggests that fluoxetine-induced changes in the maternal gut microbiome occur primarily after 

treatment from gestation through the lactation period [6]. In the absence of fluoxetine-induced 

shifts in the composition of the gut microbiota, our data reveal that the presence of the complex 

maternal gut microbiome, rather than select shifts in the microbiota, influences host responses 

to maternal fluoxetine treatment. In considering potential pathways involved, we observed no 

effects of maternal antibiotic treatment on the serum bioavailability of fluoxetine and also no 

effects of maternal antibiotic treatment on the fetal serotonergic system. These results render 

unlikely the possibility that the maternal microbiome interacts directly with fluoxetine to alter its 

downstream actions on the serotonergic system. The finding that maternal antibiotic treatment 

does not alter fluoxetine bioavailability also renders unlikely the possibility that the maternal 

microbiome alters pathways for host xenobiotic metabolism of fluoxetine. While exact 

mechanisms remain unclear, one hypothesis is that the maternal microbiome conditions host 

physiological states that modify responses to fluoxetine, such as immune homeostasis [104] or 

stress response [105,106]. Future studies are warranted to identify the mechanisms by which 

the maternal gut microbiome modifies fetal neurodevelopmental responses to maternal SSRI 

use.  

We observe that maternal fluoxetine treatment induces widespread changes in the fetal 

brain transcriptome that are modified by maternal antibiotic treatment. We highlight, validate and 

localize Opcml in particular, based on its key role in regulating synapse formation and neurite 

outgrowth during fetal neurodevelopment [107–109]. Notably, recent large-scale genome-wide 

association studies identify key polymorphisms in Opcml (i.e., rs3016384, rs1941213, and 

rs132568126) that are associated with schizophrenia [110–112]. In addition, Opcml deficiency in 
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mice results in immature spine formation and deficits in sensorimotor gating and cognitive 

behaviors [75]. Interestingly, Opcml expression is temporally regulated, suggesting that 

increased Opcml during development may impact downstream developmental milestones and 

behavior [75,113]. These findings suggest that alterations in Opcml during development may 

contribute to the effects of perinatal fluoxetine treatment on offspring brain development and 

behavior. Moreover, Opcml is expressed in both neurons and astrocytes [72,85,114,115], 

providing the further opportunity to examine cell-type specific effects of maternal fluoxetine 

treatment and the maternal gut microbiome on gene expression and cellular function.  

Notably, the findings in this study reveal widespread effects of maternal fluoxetine 

exposure on gene expression profiles in the fetal brain, including Opcml in particular, that are 

modified by maternal antibiotic treatment. However, it remains unclear whether these changes 

result in meaningful alterations in fetal neurodevelopment and brain and behavioral outcomes in 

the offspring. Studies on maternal SSRI use during pregnancy have reported disparate and 

sometimes conflicting results, spanning negative [116–122], positive [113] and neutral (no) 

effects [10,13–15] on offspring neurophysiology and behavior. Future research is needed to 

evaluate the downstream cellular and functional consequences of maternal fluoxetine-induced 

changes in fetal brain transcriptomes, including the modifying effects of maternal microbiome 

status.  

Overall, understanding effects of the gut microbiome in modifying host responses to 

SSRI treatment could reveal fundamental insights into the biological bases of SSRI efficacy and 

the variability therein. Furthermore, examining interactions between the maternal gut 

microbiome and SSRI use during pregnancy is critical for identifying risks and informing best 

practices for clinical depression, toward ensuring the health of both mother and offspring. 
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Figure 4.1. Maternal fluoxetine treatment alters fetal brain gene expression. A, Experimental 
timeline of SPF + Veh and SPF + FLX groups. B, Heatmap of 864 differentially expressed genes 
(p < 0.05) in E14.5 fetal brains from SPF + FLX compared to SPF + Veh dams (Wald test, n = 3, 
3, respectively). C, Top 10 biological process (BP) gene ontology (GO) terms that are upregulated 
in E14.5 fetal brains from SPF + FLX compared to SPF + Veh dams (Fisher’s Exact test, n = 3, 
3, respectively). Gene ratio: number of genes present in dataset vs present in GO term. D, GO 
term enrichment analysis of top 10 biological process (BP) that are downregulated in E14.5 fetal 
brains of SPF + FLX compared to SPF + Veh dams (Fisher’s Exact test, n = 3, 3, 
respectively). E, Heatmap of 25 most upregulated and 25 most downregulated differentially 
expressed genes (p < 0.05) in E14.5 fetal brains from SPF + Veh compared to SPF + FLX dams 
(Wald test, n = 3, 3, respectively). F, Volcano plot of differentially expressed genes in E14.5 fetal 
brain of embryos from SPF + FLX compared to SPF + Veh dams. Blue: Differentially expressed 
genes that are p < 0.05. Red: Differentially expressed genes that have log2fold change greater 
than 0.5 and p < 0.05.  
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Figure 4.2. Depletion of the maternal microbiome modifies the effects of maternal 
fluoxetine treatment on gene expression in the fetal brain. A, Antibiotic depletion treatment 
and vehicle or fluoxetine exposure during pregnancy. B, Heatmap of differentially expressed 
genes (p < 0.05) in E14.5 fetal brain from SPF + Veh, SPF + FLX, ABX + Veh, and ABX + FLX 
dams (p < 0.05). C, Venn diagram of differentially expressed genes in E14.5 fetal brains from 
SPF + FLX compared to SPF + Veh dams and ABX + FLX compared to SPF + FLX dams (p < 
0.05). Black: total genes, Green: Upregulated genes, Red: Downregulated genes. D, Schematic 
representation of comparative expression levels of genes in the center of the venn 
diagram. E, Gene ontology analysis of upregulated genes in SPF + FLX compared to both SPF 
+ Veh and ABX + FLX (161 genes). F, Gene ontology analysis of downregulated genes in E14.5 
fetal brains from SPF + FLX compared to ABX + FLX and SPF + Veh (101 genes). G, Volcano 
plot of differentially expressed genes in E14.5 fetal brains from SPF + FLX compared to SPF + 
Veh dams. Differentially expressed genes that are p < 0.05 (blue) and differentially expressed 
genes that have log2fold change greater than 0.5 (red). H, Volcano plot of differentially expressed 
genes in E14.5 fetal brains from ABX + FLX compared to SPF + FLX (right) dams. Differentially 
expressed genes that are p < 0.05 (blue) and differentially expressed genes that have log2fold 
change greater than 0.5 (red). ANVM: ampicillin, neomycin, vancomycin, and metronidazole. 
ANV: ampicillin, neomycin, and vancomycin.

https://www.sciencedirect.com/topics/neuroscience/ampicillin
https://www.sciencedirect.com/topics/neuroscience/neomycin
https://www.sciencedirect.com/topics/neuroscience/vancomycin
https://www.sciencedirect.com/topics/neuroscience/metronidazole
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Figure 4.3. Maternal fluoxetine treatment alters Opcml gene expression in the embryonic 
brain. Representative images of Opcml transcript (yellow) in the somatosensory neocortex (A), 
thalamus (B), lateral ganglionic eminence (C), striatum (D), and hippocampus (E) in E14.5 
embryonic brains from SPF + Veh, SPF + FLX, ABX + Veh, and ABX + FLX dams. Quantification 
of Opcml integrated density normalized to area in the somatosensory neocortex (F), thalamus 
(G), lateral ganglionic eminence (H), striatum (I), and hippocampus (J) of E14.5 embryonic brains 
from SPF + Veh, SPF + FLX, ABX + Veh, and ABX + FLX dams (two-way ANOVA with Tukey’s, 
n = 6, 6, 6, 6 dams). Scale bar: 400 μm and 500 μm. n.s.: not significant, * p < 0.05, ** p < 0.01, 
*** p < 0.001. 
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Figure 4.S1. Levels of fluoxetine in maternal serum. A, Mass spectrometry dose-response of 
100nM, 1µM, and 10µM fluoxetine in maternal serum, maternal sera of SPF+ Veh, ABX + Veh, 
SPF+ FLX, ABX + FLX groups at E14.5. B, Concentration of fluoxetine in maternal serum of SPF 
+ Veh, SPF + FLX, ABX + Veh and ABX + FLX groups (two-way ANOVA with Tukey’s, n = 6, 6, 
6, 6, respectively). n.s.: not significant, *** p < 0.001 
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Figure 4.S2. Effects of maternal fluoxetine treatment with microbiome depletion on 
maternal weight, litter size, embryo size and brain volume. A, Maternal weight of SPF + Veh, 
SPF + FLX, ABX + Veh and ABX + FLX groups on gestational day 0.5, 7.5, and 14.5 (two-way 
ANOVA with Tukey’s, n = 6, 6, 6, 6, respectively). B, Change in maternal weight of SPF+ Veh, 
SPF + FLX, ABX + Veh and ABX + FLX groups from gestational day 0.5 to 7.5. (two-way ANOVA 
with Tukey’s, n = 6, 6, 6, 6 respectively). C, Change in maternal weight of SPF+ Veh, SPF + FLX, 
ABX + Veh and ABX + FLX groups from gestational day 7.5 to 14.5. (two-way ANOVA with 
Tukey’s, n = 6, 6, 6, 6 respectively). D, Maternal cecal weight of SPF+ Veh, SPF + FLX, ABX + 
Veh and ABX + FLX at E14.5. (two-way ANOVA with Tukey’s, n = 6, 6, 6, 6 respectively). E, 
Number of pups born to dams of SPF + Veh, SPF + FLX, ABX + Veh and ABX + FLX. (two-way 
ANOVA with Tukey’s, n = 6, 6, 6, 6 respectively). F, Volume of SPF+ Veh, SPF + FLX, ABX + 
Veh and ABX + FLX embryos at E14.5. (two-way ANOVA with Tukey’s, n = 6, 6, 6, 6 respectively) 
G, Volume of SPF+ Veh, SPF + FLX, ABX + Veh and ABX + FLX embryonic brain at E14.5. (two-
way ANOVA with Tukey’s, n = 6, 6, 6, 6 respectively) H, Representative coronal and sagittal 
microcomputed tomography images of SPF+ Veh, SPF + FLX, ABX + Veh and ABX + FLX 
embryos at E14.5. (n = 6, 6, 6, 6 respectively). n.s.: not significant, * p < 0.05, **** p < 0.0001.  
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Figure 4.S3. Maternal fluoxetine treatment alters fetal brain molecular function and cellular 
component pathways. A and B, Top 10 molecular function (MF) and cellular component (CC) 
gene ontology (GO) terms enrichment analysis of genes upregulated (A) and downregulated (B) 
in E14.5 fetal brain from SPF+FLX compared to SPF+Veh dams. 
  

A BUpregulated in SPF + FLX vs. SPF + Veh Downregulated in SPF + FLX vs. SPF + Veh
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Figure 4.S4. Effects of maternal fluoxetine treatment on maternal, placental, and fetal brain 
serotonin and tryptophan levels. A, B, Serum levels of serotonin (5-HT) (A) and tryptophan (B) 
in gestational day 14.5 murine dams that were conventionally colonized with vehicle (SPF + Veh) 
or fluoxetine (SPF + FLX) gavage and antibiotic treated with vehicle (ABX + Veh) or fluoxetine 
(ABX + FLX) gavage. (one- way ANOVA with Tukey’s, n = 8, 10, 6, 10 dams, respectively) C, D, 
Placental levels of 5-HT (C) and tryptophan (D) on gestational day E14.5 (two-way ANOVA with 
Tukey’s, n = 4 dams respectively). E, F, Fetal brain levels of 5-HT (two-way ANOVA with Tukey’s, 
n = 8) (E) and tryptophan (F) on gestational day E14.5 (two-way ANOVA with Tukey’s, n = 4). 
n.s.: not significant, * p < 0.05 
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Figure 4.S5. Gestational fluoxetine exposure has no significant effect on the fetal brain 
serotonergic system. Representative images of SPF + Veh, SPF + FLX, and ABX + FLX sagittal 
sections showing 5-HT (A), SERT (B), Tph2 (C), and overlay (D) staining for cells in the dorsal 
raphe nucleus (DRN). Quantification of colocalized 5-HT+ & SERT+ (E) and 5-HT+ & Tph2+ (F) 
cells in the DRN of SPF + Veh, SPF + FLX, and ABX + FLX embryo brains (One-way ANOVA, n 
= 8, 6, 5). G, The ratio of Tph2+

 

cells to SERT+ cells in DRN of SPF + Veh, SPF + FLX, and ABX 
+ FLX embryo brains. (one-way ANOVA, n = 8, 6, 5). Representative images of 5-HT (H), SERT 
(I), Tph2 (J), and overlay (K) axon projections from the DRN to the prefrontal cortex (PFC) in 
sagittal SPF + Veh, SPF + FLX, and ABX + FLX embryonic brain sections. L, (Left) Quantification 
of 5-HT integrated density in DRN to PFC axon projections in SPF + Veh, SPF + FLX, and ABX 
+ FLX sagittal embryo brain sections (one-way ANOVA, n = 8, 6, 5). (Right) Quantification of 
number of 5-HT+ axons in SPF + Veh, SPF + FLX, and ABX + FLX sagittal embryo brain sections 
(one-way ANOVA, n = 8, 6, 5). M, (Left) Quantification of SERT integrated density in DRN to PFC 
axon projections in SPF + Veh, SPF + FLX, and ABX + FLX sagittal embryo brain sections (one-
way ANOVA, n = 8, 6, 5). (Right) Quantification of SERT+ puncta in DRN to PFC axon projections 
in SPF + Veh, SPF + FLX, and ABX + FLX sagittal embryo brain sections (one-way ANOVA, n = 
8, 6, 5). N, (Left) Quantification of Tph2 integrated density in DRN to PFC axon projections in SPF 
+ Veh, SPF + FLX, and ABX + FLX sagittal embryo brain sections (one-way ANOVA, n = 8, 6, 5). 
(Right) Quantification of number of TPH2+ axons in SPF + Veh, SPF + FLX, and ABX + FLX 
sagittal embryo brain sections (one-way ANOVA, n = 8, 6, 5). Scale bar: 100 µm. n.s.: not 
statistically significant 
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Figure 4.S6. Maternal fluoxetine treatment has no overt effect on the composition of the 
maternal gut microbiota. A, Alpha rarefaction plots of Shannon diversity of fecal samples from 
E3.5, E6.5, E8.5, E11.5, and E14.5 SPF+Veh and SPF+FLX dams. B, Weighted Unifrac PCoA 
plots of fecal samples from E3.5, E6.5, E8.5, E11.5, and E14.5 SPF+Veh and SPF+FLX dams. 
C, Taxa bar plots and D, Relative abundance of 20 rarest taxa identified with SILVA database in 
fecal samples from E3.5, E6.5, E8.5, E11.5, and E14.5 SPF+Veh and SPF+FLX dams. Relative 
abundance of Lachnospiraceae bacterium COE1 (E), Blautia (F), Lachnoclostridium (G), and 
Lachnospiraceae UCG-006 (H) based on 16S rRNA gene sequencing of fecal samples from 
SPF+Veh and SPF+FLX dams on gestational day E3.5, E6.5, E8.5, E11.5, and E14.5 (Kruskal-
Wallis Test, n = 7, 7, respectively). n.s.: not significant, * p < 0.05, ** p < 0.01. 
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Figure 4.S7. Interactions between maternal fluoxetine treatment and the maternal 
microbiome regulate gene ontology pathways. A, Top 10 molecular function (MF) and cellular 
component (CC) gene ontology (GO) terms that are upregulated in E14.5 fetal brains from 
SPF+FLX compared to SPF+Veh and ABX+FLX dams, selected by most abundant and p.adjust 
< 0.05 Gene ratio: number of genes present in dataset vs present in GO term. B, Top 10 molecular 
function (MF) and cellular component (CC) gene ontology (GO) terms that are downregulated in 
E14.5 fetal brains from SPF+FLX compared to SPF+Veh and ABX+FLX dams. C, STRING protein 
interaction network of genes significantly upregulated, greater than 0.5-fold, in E14.5 fetal brain 
from SPF+FLX compared to SPF+Veh and ABX+FLX dams. D, STRING protein interaction 
network of genes significantly downregulated (>0.5 fold) in E14.5 fetal brains from SPF+FLX 
compared to SPF+Veh and ABX+FLX dams.  
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Figure 4.S8. Effects of maternal fluoxetine treatment on fetal brain gene expression that 
occur independently of the maternal microbiota. A, Heatmap of 600 differentially expressed 
genes in E14.5 fetal brain from SPF + Veh compared to SPF + FLX dams. B, C, GO enrichment 
analysis of upregulated (B) and downregulated (C) genes in E14.5 fetal brains from SPF + FLX 
compared to SPF + Veh dams. D, Volcano plot of 600 differentially expressed genes (p<0.05) in 
E14.5 fetal brains from SPF + FLX compared to SPF + Veh dams. Red, significant and greater 
than 0.5-fold or less than -0.5-fold, blue, significant (p<0.05). 
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Figure 4.S9. Expression of select genes altered by maternal fluoxetine exposure and 
maternal microbiota status.  A, Gene expression of Hbb-bh1, Gm9159, Adam21, and Clec11a 
that are upregulated in ABX+FLX compared to SPF+FLX greater than 0.5-fold and Pole2, Rpa2, 
and Hist1h3a that are upregulated in SPF+Veh compared to SPF+FLX greater than 0.5-fold. B, 
Gene expression of Angptl6, Zfp455, Sla, Lsamp, 5730409E04Rik, Opcml that are upregulated 
in SPF+FLX compared to SPF+Veh and greater than 0.5-fold (p<0.05), and Kcnj11, Adcy1, Gnal, 
Grm3, Car10 that are upregulated in SPF+FLX compared to ABX+FLX and greater than 0.5-fold 
(p<0.05). C, Quantitative RT-PCR measurement of Opcml gene expression in SPF + Veh, SPF + 
FLX, ABX + Veh, and ABX + FLX embryo brains. (two-way ANOVA with Tukey’s, n = 6, 6, 6, 6 
dams). n.s.: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001  
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Abstract 

Alterations in the brain-gut system have been implicated in various disease states, but little is 

known about how early-life adversity (ELA) impacts development and adult health as mediated 

by brain-gut interactions. We hypothesize that ELA disrupts components of the brain-gut system, 

thereby increasing susceptibility to disordered mood. In a sample of 128 healthy adult participants, 

a history of ELA and current stress, depression, and anxiety were assessed using validated 

questionnaires. Fecal metabolites were measured using liquid chromatography tandem mass 

spectrometry-based untargeted metabolomic profiling. Functional brain connectivity was 

evaluated by magnetic resonance imaging. Sparse partial least squares-discriminant analysis, 

controlling for sex, body mass index, age, and diet was used to predict brain-gut alterations as a 

function of ELA. ELA was correlated with four gut-regulated metabolites within the glutamate 

pathway (5-oxoproline, malate, urate, and glutamate gamma methyl ester) and alterations in 

functional brain connectivity within primarily sensorimotor, salience, and central executive 

networks. Integrated analyses revealed significant associations between these metabolites, 

functional brain connectivity, and scores for perceived stress, anxiety, and depression. This study 

reveals a novel association between a history of ELA, alterations in the brain-gut axis, and 

increased vulnerability to negative mood and stress. Results from the study raise the hypothesis 

that select gut-regulated metabolites may contribute to the adverse effects of critical period stress 

on neural development via pathways related to glutamatergic excitotoxicity and oxidative stress.  

 

1. Introduction 

Early-life adversity (ELA) is a known disruptor capable of inducing a range of 

developmental changes1, and is associated with increased vulnerability to a variety of health 

conditions and psychiatric disorders later in life2. Systemic changes in response to stress during 

critical periods include dysregulation of peripheral gene expression3, immune function4, and 

hormone levels5, in addition to perturbations of the microbiome6, all of which may contribute to 
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and result from direct changes in the developing central nervous system (CNS). The involvement 

of the gut microbiome and its interactions with the brain during this early programming period 

remain incompletely understood. We have previously proposed that this may occur in a 

bidirectional manner: while the brain may influence alterations of gut physiology and microbiome 

composition and function, the resulting altered functional output from the gut microbiome may 

result in neuroplastic changes in the brain7-9. A history of ELA has been reported in conditions 

ranging from obesity10 to irritable bowel syndrome11,12 and inflammation13,14, but few studies to 

date have used a systems approach to investigate perturbations in the gut metabolome and  the 

brain in humans exposed to ELA.  

A primary pathway by which ELA can influence life-long trajectories is by shaping brain 

development1. Previous studies have shown that a history of ELA is associated with alterations 

mainly in regions of the emotion regulation and salience networks, which in turn can influence 

epigenetic processes related to myelination and neurogenesis15,16. These neural changes have 

also been implicated in hyperarousal and difficulties with emotion regulation, and later 

development of negative mood states17-19. In particular, prefrontal cortex and hippocampal 

volumes were persistently reduced in adolescents adopted from international orphanages20, and 

female adolescents with a history of childhood maltreatment displayed altered organization of 

cortical networks, which mediated psychiatric outcomes21. Rodent research has shown similar 

findings with increased resolution: for instance, maternal separation was associated with 

accelerated innervation of basolateral amygdala axons into the prefrontal cortex, with females 

specifically demonstrating reduced functional connectivity between these regions across 

maturation, and increased anxiety-like behavior22.  

In addition to neural development, the gut is also sensitive to ELA23. A number of early 

developmental factors have been implicated in gut microbiome development, especially factors 

relating to maternal stress, diet, and disease24, mode of delivery25,26, early nutrition/breast-

feeding26,27, and exposure to antibiotics25. In a youth cohort, early life adversity was not only 
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associated with gastrointestinal symptoms and later anxiety, but also correlated with microbial 

diversity, and taxonomic abundances predicted prefrontal cortex activity28. In a sample of 

pregnant women, early adversity correlated positively with Prevotella, and cortisol correlated 

positively with Rikenellaceae and Dialister, and negatively with Bacteroides, suggesting an 

interaction between early adversity, current stress, and gut microbiota29. Additionally, gut 

signaling to the brain can be mediated by metabolites produced directly by gut microbes or 

indirectly from host cells responding to microbial cues30. For example, transplantation of 

microbiota from depressed patients into germ-free mice promoted anxiety- and depression-

related behaviors compared to germ-free mice transplanted with a non-depressed microbiota; 

these interactions were mediated by selective modulation of both microbial and host genes 

involved in carbohydrate and amino acid metabolism31. Additionally, microbiome-derived short-

chain fatty acids ameliorate stress-induced cortisol release in humans when delivered directly to 

the colon32 and ameliorate early chronic stress in rodents when delivered orally33, further 

underscoring potential relationships between the brain-gut-microbiome axis and stress34.  

While findings from animal models support a role for the gut microbiome in mediating 

adverse effects of ELA on neurodevelopment35,36, comprehensive investigation of these 

interactions in humans is lacking. Despite the well-known limitations of cross-sectional and 

retrospective data, herein we test the primary hypothesis that ELA-related alterations in gut 

microbial metabolites are associated with alterations in brain connectivity, disordered mood, and 

increased vulnerability to stress in adulthood.  

 

2. Materials and Methods 

2.1. Participants 

The study was comprised of 128 right-handed healthy participants (43 males and 85 

females), with the absence of significant medical or psychiatric conditions, as assessed by a 

physical exam, detailed medical history, and a clinical assessment using the modified Mini-
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International Neuropsychiatric Interview Plus 5.0 (MINI)37. Participants were excluded for the 

following: pregnant or lactating, substance use, abdominal surgery, tobacco dependence (half a 

pack or more daily), extreme strenuous exercise (>8h of continuous exercise per week), current 

or past psychiatric illness, and major medical or neurological conditions. Participants taking 

medications that interfere with the CNS or using analgesic drugs regularly (e.g. full dose 

antidepressants including SSRIs, NSRIs, sedatives or anxiolytics, and opioids) were excluded. 

Participants were also excluded for use of antibiotics or probiotic supplements in the past 

3 months. Since female sex hormones such as estrogen are known to effect brain structure and 

function, we requested females to stop taking hormonal contraceptives for the duration of the 

study. In addition, we assessed only females who were premenopausal (i.e., women under than 

or equal to 45 years who reported regular menses for at least 1 year) and were scanned during 

the follicular phase of the menstrual cycle (i.e., defined as 4-12 days after the first day of the last 

menstrual period), as assessed by self-report. 

All procedures complied with and were approved by the Institutional Review Board (16-

000187, 15-001591) at the University of California, Los Angeles’s Office of Protection for 

Research Subjects. All participants provided written informed consent.  

 

2.2. Questionnaires 

ELA was measured using the Early Traumatic Inventory-Self Report (ETI-SR)38, a 27-item 

questionnaire. This questionnaire assesses the histories of childhood traumatic and adverse life 

events that occurred before the age of 18 years old and covers four domains: general trauma (11 

items), physical punishment (5 items), emotional abuse (5 items), and sexual abuse (6 items). 

General traumatic events comprise a range of stressful and traumatic events that can be mostly 

secondary to chance events. Sample items on this scale include death of a parent, discordant 

relationships or divorce between parents, or death or sickness of a sibling or friend. Physical 

abuse involves physical contact, constraint, or confinement, with intent to hurt or injure. Sample 
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items on the physical abuse subscale include being spanked by hand or being hit by objects. 

Emotional abuse is verbal communication with the intention of humiliating or degrading the victim. 

Sample items on the ETI-SR emotion subscale include the following, “Often put down or ridiculed,” 

or “Often told that one is no good.” Sexual abuse is unwanted sexual contact performed solely for 

the gratification of the perpetrator or for the purposes of dominating or degrading the victim. 

Sample items on the sexual abuse scale include being forced to pose for suggestive photographs, 

to perform sexual acts for money, or coercive anal sexual acts against one’s will. The ETI-SR 

instrument was chosen due to its psychometric properties, ease of administration, time efficiency, 

and ability to measure ELAs in multiple domains. For subsequent analyses, participants were split 

into two groups: “High ETI” (ETI-SR total > 4) and “Low ETI” (ETI-SR total ≤ 4). This cut off ETI 

score was selected based on the median score of this sample versus the mean ETI score in past 

papers because of the presence of extreme ETI scores in the data. While some studies have 

reported a higher mean ETI, our cut-off falls in line with previously reported healthy patient 

samples tested using the short-form version of the tool (mean=3.5, sd=3.339; mean=2.68, 

sd=2.5540). 

 Additional questionnaires included the Perceived Stress Scale (PSS) and the Hospital 

Anxiety and Depression Scale (HADS). The PSS is a 10-item scale used to measure stressful 

demands in a given situation, indicating that demands exceed ability to cope41. The questions are 

based on subjects reporting the frequency of their feelings within the past month to each question, 

which are scored on a scale of 0 (never) to 4 (very often). The HADS is a 14-item scale used to 

measure symptoms of anxiety and depression42. The questions are scored on a scale of 0 to 3, 

corresponding to how much the individual identifies with the question for the past week. 

 Diet was assessed through a self-reported UCLA Diet Checklist, is a questionnaire 

developed by our institution, intended to represent the diet that best reflects what patients 

consume on a regular basis. The specific diets incorporated into this checklist include the 

following options: i) Standard American (characterized by high consumption of processed, frozen, 
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and packaged foods, pasta and breads, and red meat; vegetables and fruits are not consumed in 

large quantities), ii) Modified American (high consumption of whole grains including some 

processed, frozen, and packaged foods; red meat is consumed in limited quantities; vegetables 

and fruit are consumed in moderate to large quantities), iii) Mediterranean (high consumption of 

fruits, vegetables, beans, nuts, and seeds; olive oil is the key monounsaturated fat source; dairy 

products, fish, and poultry are consumed in low to moderate amounts and little red meat is eaten), 

and iv) all other diets that do not fit into the above categories. If they marked “other” they were 

asked to describe the components of their individual diet with regards to consumption of meat, 

dairy, eggs, fruits, vegetables, and grains. If a participant selected “other”, their comments 

regarding intake of food components were individually reviewed, as was that participant’s 

previous 24-hour food intake. Our institution’s Diet Checklist was then internally validated against 

the standardized DHQ-III. For data analysis we had 3 diet categories: We combined standard 

American and modified American diet as one category. Mediterranean, vegan, vegetarian, and 

gluten-free were combined into a single category, and all other diets were combined as “other.” 

For the analyses, the three categories (America, Mediterranean/Plant based, Other) were used.  

 

2.3. Gut Microbiome 

2.3.1. Collection and Storage 

These have been previously described in great detail in recently published papers43-45. 

Participants were given “at home collection kits” which consisted of a standard laboratory supplies 

such as collection hat over the commode and a urine cup to pack the fresh stool. The participants 

were given specific instructions regarding time of stool collection (e.g., time of day and within 2-3 

days before the MRI scan). In addition, 2-3 consecutive diet diaries were collected from the time 

of enrollment to the time of the MRI scan and stool collection (1 weekday and 1 weekend). 

Participants were asked to collect the stool before the first meal of the day. If participants were on 

antidiarrheal or laxatives, they were asked to refrain from use for 2-3 days before the sample 
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collection. Participants were asked to store their fresh stool immediately in the freezer immediately 

upon collection and to bring in the stool to the laboratory on the day of the MRI (note day and time 

of stool collection and storage). Any deviation from the stool sample collection or storage were 

documented in order to account for in the analyses. Fecal samples were stored at -80°C, then 

ground into a coarse powder by mortar and pestle under liquid nitrogen and aliquoted for DNA 

extraction and metabolomic profiling.  

 

2.3.2. Fecal Microbial Profiling 

DNA extraction with bead beating was performed using the QIAGEN Powersoil DNA 

Isolation Kit (MO BIO Laboratories, Carlsbad, CA) with bead beating following the manufacturers 

protocol. The V4 hypervariable region of the 16S rRNA gene was then amplified using the 515F 

and 806R primers to generate a sequencing library according to a published protocol46. The PCR 

products were purified with a commercial kit. The library underwent 2x250 sequencing on an 

Illumina HiSeq 2500 to a mean depth of 250,000 merged sequences per sample. QIIME 1.9.1 

was used to perform quality filtering, merge paired end reads, and cluster sequences into 97% 

operational taxonomic units (OTUs)47. OTUs were classified taxonomically using the Greengenes 

May 2013 database at the level of domain, phylum, family, genus, and species, depending on the 

depth of reliable classifier assignments. 

Microbial alpha diversity was assessed on datasets rarefied to equal sequencing depth 

(34,222) using the Chao1 index of richness, Faith’s phylogenetic diversity, and the Shannon index 

of evenness. Microbial composition was compared across samples by weighted UniFrac 

distances and visualized with principal coordinates analysis48. The significance of differences in 

microbial composition between individuals with high or low ETI scores, adjusting for age, BMI, 

diet, and sex was assessed using PERMANOVA with 100,000 permutations49. Differential 

abundance of microbial genera was determined using multivariate negative binomial mixed 

models implemented in DESeq2 that included age, BMI, diet, and sex as covariates50. P-values 
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were adjusted for multiple hypothesis testing to generate q-values, with a significance threshold 

of q < 0.05. 

 

2.3.3. Fecal Metabolomic Profiling 

Fecal aliquots were shipped to Metabolon, Inc., and run as a single batch on their global 

HD4 metabolomics platform51. This involved running methanol extracted samples through 

ultrahigh performance liquid chromatography-tandem mass spectroscopy under four separate 

chromatography and electrospray ionization conditions to separate compounds with a wide range 

of chemical properties. Compounds were identified by comparison of spectral features to 

Metabolon’s proprietary library that includes MS/MS spectral data on more than 3300 purified 

standards. Study specific technical replicates generated by pooling aliquots of all samples were 

used to measure total process variability (median relative standard deviation 13%). Results were 

provided as scaled, imputed abundances of 872 known compounds.  

Missing values of raw data were filled up using median values, and ineffective peaks were 

removed through the interquartile range denoising method. In addition, the internal standard 

normalization method was employed in the data analysis. The dataset for the multiple 

classification analysis was compiled from the metabolite profiling results and a 3D matrix involving 

metabolite numbers, sample names, and normalized peak intensities were fed into the 

MetaboAnlyst web software 3.0 (http://www.metaboanalyst.ca). 

 

2.4. Magnetic Resonance Imaging 

Whole brain structural and functional (resting state) data was acquired using a 3.0T 

Siemens Prisma MRI scanner (Siemens, Erlangen, Germany). Detailed information on the 

standardized acquisition protocols, quality control measures, and image preprocessing are 

provided in previously published studies16,44,45.  

2.4.1. Structural MRI Acquisition   

http://www.metaboanalyst.ca/
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High resolution T1-weighted images were acquired: echo time/ repetition time 

(TE/TR)=3.26ms/2200ms, field of view=220×220mm slice thickness=1mm, 176 slices, 256×256 

voxel matrices, and voxel size=0.86×0.86×1mm.  

2.4.2. Functional MRI Acquisition  

Resting-state scans were acquired with eyes closed and an echo planar sequence with 

the following parameters: TE/TR=28ms/2000ms, flip angle=77 degrees, scan duration=8m6s–

10m6s, FOV=220mm, slices=40 and slice thickness=4.0mm, and slices were obtained with 

whole-brain coverage.  

2.4.3. Preprocessing of MRI images  

Preprocessing and quality control of functional images was done using SPM-12 software 

(Welcome Department of Cognitive Neurology, London, UK). The first two volumes were 

discarded to allow for stabilization of the magnetic field. Slice timing correction was performed 

first, followed by rigid six-degree motion-correction for the six realignment parameters. The motion 

correction parameters in each degree were examined for excessive motion. If any motion was 

detected above 2 mm translation or 2˚ rotation, the scan, along with the paired structural scan 

was discarded. In order to robustly take account the effects of motion, root mean squared  

realignment estimates were calculated as robust measures of motion using publicly available 

MATLAB code. Any subjects with a greater RMS value than 0.25 was not included in the analysis. 

The resting state images were then co-registered to their respective anatomical T1 images. Each 

T1 image was then segmented and normalized to a smoothed template brain in Montreal 

Neurological Institute52 template space. Each subject's T1 normalization parameters were then 

applied to that subject's resting state image, resulting in an MNI space normalized resting state 

image. The resulting images were smoothed with 5mm3 Gaussian kernel. For each subject, a 

sample of the volumes was inspected for any artifacts and anomalies. Levels of signal dropout 

were also visually inspected for excessive dropout in a priori regions of interest.   

2.4.4. Structural Image Parcellation  



 

 

173 

 

 

T1-image segmentation and cortical and subcortical regional parcellation were conducted 

using Schaefer 400 atlas53, Harvard-Oxford subcortical atlas54, and the Ascending Arousal 

Network atlas55. This parcellation results in the labeling of 430 regions, 400 cortical structures, 14 

bilateral subcortical structures, bilateral cerebellum, and 14 brainstem nuclei.  

2.4.5. Functional Brain Connectivity Matrix Construction 

To summarize, all pre-processed, normalized images were entered into the CONN-fMRI 

functional connectivity toolbox version 17 in MATLAB. All images were first corrected for noise 

using the automatic component-based noise correction (aCompCor) method to remove 

physiological noise without regressing out the global signal. Confounds for the six motion 

parameters along with their first-order temporal derivatives, along with confounds emerging from 

white matter and cerebral spinal fluid, and first-order temporal derivatives of motion, and root 

mean squared values of the detrended realignment estimates were removed using regression. 

Although the influence of head motion cannot be completely removed, CompCor has been shown 

to be particularly effective for dealing with residual motion relative to other methods. The images 

were then band-pass filtered between 0.008 and 0.009 Hz to minimize the effects of low frequency 

drift and high frequency noise after CompCor regression. Connectivity matrices for each subject, 

consisting of all the parcellated regions were then computed. This represents the association 

between two average temporal BOLD time series across all the voxels in each region. The final 

outputs for each subject consisted of a connectivity matrix between the 430 parcellated regions 

and was indexed by Fisher transformed Z correlation coefficients between each region of interest.  

 

2.5. Statistical Analysis 

2.5.1. Sparse Partial Least Squares — Discriminate Analysis  

A partial least squares-discriminant analysis (PLS-DA) was conducted in R (Boston, MA) 

to explore the group difference between high vs. low ETI groups by incorporating known 

classifications for the metabolites. Similarly, a sparse PLS-DA for whole brain resting state 
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connectivity was run to understand the classification in brain signatures related to high vs. low 

ETI. In order to prevent overfitting of the model, we ran permutation tests. The metabolites with 

values of the first component of variable importance projection (VIP) greater than 1.0 were 

assessed, indicating the estimate of the importance of each metabolite used in the model. The 

brain connectivity regions/brain signatures from the two components of the weighted design 

matric and contributing to the discrimination between the two groups were summarized using the 

top variable loadings on the individual dimensions/components and VIP coefficients. T-tests using 

contrasts in a general linear model controlling for age, BMI, diet (3 categories), and sex (male, 

female) were conducted. P-values were adjusted for with the Benjamini-Hochberg false discovery 

rate (FDR) procedure and significant q-values, were reported56. The metabolites with VIPs > 1.0 

and q < 0.05 were selected as significantly different between the two groups. The fold change 

was also calculated to investigate the difference by comparing the mean value of the peak area 

obtained between the two groups.  

2.5.2. Network Analysis  

Network analysis was performed to integrate information from three data sets:  

1) stool-derived metabolites 2) clinical data (ETI, PSS, HADS Anxiety, HADS Depression) and 3) 

functional connectivity brain data. The interaction between the phenome (clinical measures), 

microbiome (stool-derived metabolites) and connectome (brain connectivity) was determined by 

computing Spearman correlations between different data types in R v. 3.6.2, controlling for age, 

BMI, diet, and sex. These correlations were run separately for 1. All participants 2. the low ETI 

group and for 3. the high ETI group. Circos images were created to visualize and construct brain, 

symptom, and gut-derived metabolite interaction networks thresholded at FDR corrected q < 0.05. 

We present the networks by placing nodes of the same type of data together and displaying 

connecting edges representing correlations. A red edge indicates a significant correlation in the 

high ETI group. A green edge indicates a significant correlation in the low ETI group. A grey edge 

represents a significant correlation for all the participants as a function of increasing ETI scores.  
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3. Results 

3.1. Subject Demographics and Clinical Variables  

Individuals in the low ETI group had a mean score of 1.2, while those in the high ETI group 

had a mean score of 8.6. Those with a history of high ELA exposure as indexed by the ETI scale 

had significantly higher BMI (p<0.001) and anxiety (p=0.032) levels (Table 5.1). Although the high 

ELA group was older (p=0.244), and reported higher levels of depression symptoms (p=0.284), 

and perceived stress (p=0.069), these differences were not significant. To account for the 

significant difference in BMI between low and high ETI groups, we controlled for it in subsequent 

multivariate analyses. Diet did not differ by ETI group (American: High ETI=15, Low ETI=19, 

Mediterranean/Plant Based: High ETI=25, Low ETI=39, Other: High ETI=12, Low ETI=18. 

 

3.2. Early Life Adversity and Gut Microbiome Composition 

There were no significant relationships between a history of ELA exposure and microbial 

alpha diversity, the variation of microbes within a sample, (ACE, p = 0.50749; Chao1, p = 0.63385; 

Shannon, p = 0.10209) (Fig. 5.S1A), microbial beta diversity, the variation of microbial 

communities between samples, (measured by Bray-Curtis-based PCoA; permanova p = 0.441) 

(Fig. 5.S1B) or relative taxonomic abundance, at either the phylum or genus levels (Fig. 5.S1C).  

 

3.3. Early Life Adversity Associates with Adult Gut Metabolites 

The PLS-DA of the gut metabolites showed a defined clustering, based on low or high ETI 

exposure (Table 5.2; Fig. 5.1A). Out of 557 gut metabolites screened, 207 loaded on component 

1 > 1.0, and were classified as “VIP” metabolites. Of this narrowed-down list of 207, 33 

metabolites showed a significant relationship to ETI exposure (p < 0.05), belonging to amino acid, 

carbohydrate, cofactors and vitamins, energy, lipid, nucleotide, and xenobiotics super pathways 

(Table 5.2). After correcting for multiple comparisons, four metabolites remained significantly 
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correlated with ETI exposure: glutamate, gamma-methyl ester (p=0.022, q=0.044), in the 

glutamate metabolism sub-pathway; 5-oxoproline (p=0.020, q=0.044), in the glutathione 

metabolism sub-pathway; malate (p=0.003, q=0.018), in the tricarboxylic acid (TCA) cycle sub-

pathway; and urate (p=0.002, q=0.036), in the purine metabolism sub-pathway. Of these four 

significant metabolites, all were reduced by approximately two-fold in individuals with high ETI 

exposure, compared to those with low ETI exposure (Fig. 5.1B).  

 

3.4. Early Life Adversity Associates with Brain Functional Connectivity 

A sPLS-DA of brain functional connectivity displayed significant clustering based on low 

or high ETI exposure (Table 5.3; Fig. 5.2A). Connectivity between eleven pairs of brain regions 

were significantly associated with ETI exposure (p<0.05), and after correcting for multiple 

comparisons, ten pairs of regions remained significant (q<0.05) (Table 5.3). All regions found to 

be significantly different have been summarized in Fig. 5.3 (represented by regions in each 

specific brain network).  

High ETI-related connectivity was observed between salience, sensorimotor, central 

executive, default mode and central autonomic networks. Specific positive relationships included 

salience (superior segment of the circular sulcus of the insula) with both sensorimotor (superior 

frontal gyrus (q<0.001)) and default mode (inferior temporal gyrus (q<0.001)); sensorimotor (post-

central gyrus) with central executive (intraparietal sulcus, interparietal sulcus, and transverse 

parietal sulci (q<0.001)); default mode (lateral aspect of the superior temporal gyrus) with 

sensorimotor (superior frontal sulcus (q<0.001)); sensorimotor (paracentral lobule and sulcus) 

with sensorimotor (thalamus (q=0.002)); default mode (middle temporal gyrus and anterior 

transverse collateral sulcus) with central autonomic (medial orbital sulcus (q=0.019) and straight 

gyrus (gyrus rectus) (q=0.014), respectively) (Fig. 5.2B; Fig. 5.3; Table 5.3).  

Low ETI-related connectivity was observed between occipital, default mode, and emotion 

regulation networks, including: default mode (precuneus) with occipital (middle occipital gyrus 
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(q<0.001)); emotion regulation (anterior part of the cingulate gyrus and sulcus) with both 

sensorimotor (inferior segment of the circular sulcus of the insula (q<0.001)) and occipital (medial 

occipito-temporal sulcus (collateral sulcus) (q = 0.029)). (Fig. 5.2B; Fig. 5.3; Table 5.3). 

Additionally, low ETI exposure correlated with increased connectivity approaching significance 

between default mode (precuneus) and sensorimotor (precentral gyrus (q=0.054)). 

 

3.5. Early Life Adversity Correlates with Alterations in the Brain-Gut-Microbiome System and 

Current Mood Symptoms 

Significant relationships were identified between the significant pairs of connected brain 

regions (Section 4.3), four metabolites (glutamate gamma-methyl ester, 5-oxoproline, malate, 

and urate; Section 4.2), and four clinical variables (ETI score, PSS score, HADS anxiety, and 

HADS depression; Section 4.1) (Table 5.4; Fig. 5.4). Significant associations between the 

variables and by ETI exposure are depicted by group (high ETI and low ETI) and after correcting 

for multiple comparisons (q<0.05).  

In the High ETI group, significant negative associations with key regions of the salience 

(superior segment of the circular sulcus of the insula), emotion regulation (anterior part of the 

cingulate gyrus and sulcus), central autonomic (gyrus rectus [straight gyrus]), default mode 

(inferior temporal gyrus, anterior transverse collateral sulcus), and occipital (medial occipito-

temporal sulcus [collateral sulcus]) networks were found with malate and glutamate gamma-

methyl ester. Glutamate gamma-methyl ester and 5-oxoproline were negatively associated with 

symptoms of both anxiety and depression, while urate was negatively associated with symptoms 

of depression. Connectivity between the sensorimotor and default model networks was positively 

associated with perceived stress. In addition, sensorimotor networks were negatively correlated 

with BMI, whereas default mode and central autonomic networks were positively correlated with 

BMI.  
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In the Low ETI group, significant negative correlations were found between the 

connectivity of regions in the sensorimotor (paracentral lobule and sulcus, thalamus, and inferior 

segment of the circular sulcus of the insula) and emotion regulation (anterior part of the cingulate 

gyrus and sulcus) networks with glutamate gamma-methyl ester, 5-oxoproline, and urate.  

However, positive correlations between connectivity in regions of the sensorimotor (postcentral 

gyrus) and central executive (intraparietal sulcus (interparietal sulcus) and transverse parietal 

sulci) were positively associated with perceived stress, and symptoms of anxiety and depression. 

5-oxoproline and urate were positively associated with ETI total score, while glutamate gamma-

methyl ester and 5-oxoproline were negatively associated with BMI. 

 

4. Discussion 

The current study aimed to test the hypothesis that a history of ELA is associated with 

altered brain-gut interactions that impact perceived stress, and symptoms of depression and 

anxiety in adulthood. Our findings support the notion that ELA can lead to persistent disruptions 

in the brain-gut system, which may contribute to susceptibility to psychological conditions later 

into adulthood in response to early life adversity. To our knowledge, this is the first study to 

comprehensively link adversity during childhood to later-life alterations in intestinal metabolites 

and functional brain connectivity in humans. 

 

4.1. Early Life Adversity is Associated with Adult Gut Metabolites 

We identified four fecal metabolites – urate, malate, glutamate gamma-methyl ester, and 

5-oxoproline – as significantly negatively correlated with a history of ELA. Although a clear 

understanding of the role of these metabolites in humans is limited, previous preclinical 

investigations demonstrate that some of them display sensitivity to environmental disruptors and 

disease57, as well as to microbiome alterations58 58,59. In particular, high levels of urate in human 

plasma have been related to protection against Parkinson’s disease60 and associated with a 
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microbial enterotype dominated by Prevotella59. Conversely, in a sample of pregnant women, 

early adversity correlated positively with Prevotella29. In addition, 5-oxoproline was increased in 

the livers of mice transplanted with microbiota from patients with major depressive disorder61, 

while levels were decreased in the serum of rats treated with antibiotics62, suggesting a role for 

the gut microbiota in the regulation of the metabolite. 

One potential pathway by which these metabolites may mediate the relationship between 

ELA, brain connectivity, and mood is via regulation of oxidative stress. ELA has been previously 

linked to oxidative stress and cellular aging63. In a sample of healthy women, oxidative stress 

index was positively associated with perceived stress and telomere length64. Similarly, a history 

of childhood maltreatment predicted shorter telomeres65 and greater mitochondrial DNA copies65, 

a marker of oxidative damage, in healthy adults. Notably, the four metabolites of interest have 

previously been implicated in and described within the context of oxidative stress in animal 

models66-68. In particular, 5-oxoproline was reduced in aged rats, and rescued by probiotic 

treatment, acting as a gut-targeted antioxidant69. In this way, disruptions in the four metabolites 

may play a role in ELA-related brain network alterations that are mediated by oxidative stress 

pathways. 

An alternative, although potentially related mechanism, is supported by the metabolites 

being intimately involved in the metabolism of glutamate and related compounds. Glutamate 

gamma-methyl ester is a metabolite of glutamate70, while 5-oxoproline is a precursor and closely-

related analogue of glutamate68. Furthermore, 5-oxoproline plays a critical role in glutamate 

clearance, by stimulating glutamate transport from the brain and inhibiting its uptake by 

endothelial cells of the blood-brain barrier71. The observed reduction in 5-oxoproline may 

therefore interfere with CNS clearance of glutamate, which at increased concentrations can be 

particularly excitotoxic72 in those with a history of high ELA. Additionally, a role for urate-induced, 

astrocyte-mediated protection against excitotoxicity has been reported in vitro73. A reduction in 
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these metabolites may lower the threshold for cytotoxicity while simultaneously increasing CNS 

concentrations of glutamate, thereby increasing the risk for excitotoxity and cell death.  

 

4.2.  Early Life Adversity is Associated with Adult Brain Functional Connectivity 

Many types of ELA have previously been associated with altered brain structure and 

connectivity, including amygdala, prefrontal, limbic, hippocampal, and striatal regions20,21,74. Here, 

we identify additional brain regions wherein connectivity was significantly correlated with greater 

ELA scores, which may explain the relationship between early life adversity and negative 

psychological outcomes later in life. In particular, we report reduced connectivity of the precuneus, 

a default mode network region critical for aspects of social cognition75, and self-consciousness 

and interpretation76, which may point to altered evaluation of self and others underlying anxious 

feelings. Indeed, default mode efficiency is negatively correlated with anxiety in young adults77, 

and default mode connectivity relates to responsiveness during anxiety learning77 as well as being 

heavily implicated in depressive symptoms78. Additionally, our findings of decreased connectivity 

involving emotion regulation networks such as the anterior cingulate cortex, which is involved in 

conflict monitoring79 and emotional and cognitive attention80, and increased connectivity of the 

insula, a key region in the salience network81, may suggest modified ability to regulate emotional 

responses. We report increased connectivity of frontal and parietal sensorimotor regions, and 

central executive and autonomic areas, which is consistent with a meta-analysis implicating 

executive control, salience, and sensorimotor networks in anxiety82. 

The fact that ELA disrupts many regions involved in cognitive and emotional processes, 

which are highly vulnerable to persistent deleterious effects of ELA83, may present a neurological 

basis underlying our finding that early adversity correlates with later-life stress and anxiety. 

Similarly, measures of centrality and segregation in brain regions implicated in emotion and 

salience reportedly correlate with ELA16, suggesting that these regions may contribute to 

psychological manifestations of early trauma. This potential interaction is further supported by 
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findings that functional connectivity of regions, including the amygdala, putamen, and middle 

frontal gyrus, as well as regions we also identified, such as the middle temporal and superior 

frontal gyri, differentiated patients with generalized anxiety from healthy controls.84  

 

4.3. A History of Early Life Adversity Correlates with Alterations in the Brain-Gut-Microbiome 

System and Mood Symptoms 

We identified significant relationships between fecal metabolites and altered functional 

brain connectivity measures involving, most notably, the sensorimotor and default mode 

networks, which have been implicated in both anxiety82 and depression78. Previous work has 

underscored associations between the brain-gut axis and psychological outcomes across the 

lifetime. Gut-targeted probiotic treatment in healthy adults was sufficient to reduce resting state 

connectivity in somatosensory and insular areas during an emotional attention task85 and to 

increase prefrontal cortical activity and reduce induced stress86. Connectivity of reward regions 

has been related to microbiome-derived indole metabolites and anxiety and food addiction 

outcomes in adults87. In addition, connectivity of regions involved in salience, emotion regulation, 

and sensorimotor function correlated with microbial diversity and cognitive outcomes in infants88. 

Interestingly, in pilot analyses, we have also observed relationships between stress and gut 

health: in particular, we find that increased stress reactivity is associated with a four-fold higher 

flare frequency in ulcerative colitis patients, and a similar effect in patients with irritable bowel 

syndrome, both of which are associated with a history of ELA and psychiatric comorbidities. 

Findings such as these suggest an interaction between psychological well-being and gut 

microbiome status, both in healthy and in disease populations. 

While other studies have found relationships between early adversity, microbial diversity 

or taxonomic relative abundances, and current stress and anxiety28,29, we did not see any 

difference in diversity or relative abundances in our cohort. However, we observe a change in 

functional output, suggesting that while the levels of microbes are comparable, something about 
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their functional potential is being altered by early adversity. Gut microbial metabolites may 

influence brain network connectivity through both direct and indirect mechanisms. While 5-

oxoproline decreases entry of amino acids into the brain by interacting with transporters89, urate 

is capable of passing across the blood-brain barrier and acts as a pro-inflammatory agent90. 

However, since the metabolites in this study were measured in feces rather than serum, whether 

these metabolites may have any direct access to the brain remains unclear. Alternatively, these 

metabolites may act indirectly via vagal afferent nerve pathways91,92, which in turn may contribute 

to the observed changes in functional connectivity. 

Not only ELA, but other negative emotional and physiological states have the potential to 

interact with the brain-gut axis as well. We show that symptoms of anxiety and depression and 

BMI correlate significantly with urate, glutamate gamma-methyl ester, and 5-oxoproline, that these 

scales as well as current stress relate significantly to brain functional connectivity of sensorimotor, 

central executive, default mode, and central autonomic regions, and that subsets of these 

networks, in addition to salience, emotion regulation, and occipital, correlate significantly with the 

metabolites. These relationships are of significance due to the potential functional influence of 

altered sensory modalities and orbitofrontal cortex function, which are critical for decision-

making93, on negative psychological states. Similar findings have been reported in the context of 

food addiction, with amygdala circuitry and the gut microbiota-derived indole skatole correlating 

with higher food addiction scores87. Additionally, stress-related disorders such as PTSD have 

been related to altered connectivity in the hippocampus94 as well as in amygdala-insula circuits95, 

and acute stress has been related to metabolites, with increased CSF homovanillic acid 

correlating with induced symptoms in PTSD patients96. However, these past studies do not 

decouple contributions of past adversity from current experiences of stress and anxiety. 

 

4.4. Future Directions 



 

 

183 

 

 

Limitations of this study include its use of retrospective self-reporting through standardized 

surveys, which can introduce potential bias into the results and may potentially lead to reduced 

reliability of the findings. This limitation includes the self-reporting for assessment of menstrual 

phase and menopause status, which future studies will need to address more accurately by 

measuring female sex hormone levels especially when investigating sex differences. Critically, 

our measure of early adversity is not temporally specific, but rather covers the broad period of 

time from birth to 18 years of age. Future research is warranted to refine this time window to 

examine relationships between brain-gut phenotypes and ELA during more specific critical 

periods during development. Secondly, our reported microbial and metabolite findings are derived 

from fecal samples, which include both microbiota- and host-derived metabolites, and do not 

necessarily give insight into tissue levels within the CNS. Furthermore, we analyzed only a single 

fecal sample per participant, although the microbiome and metabolome have been reported to be 

relatively stable across adulthood97,98. We chose to focus on gut metabolites as opposed to 

microbial community composition as most brain-gut interactions are mediated by microbiota 

products (such as metabolites) rather than an intrinsic characteristic of the particular microbe itself 

(such as lipopolysaccharide)99. Previous high-quality studies100,101 have underscored the 

important role of dietary fiber in modulating the gut microbiota and gut-microbiota derived fecal 

metabolites. Although we controlled for the type of diet consumed in our analysis, we did not 

quantify the fiber content of our participants’ diets, which may confound our results. 

Although the associations between ELA and the brain-gut axis were evident, our sample 

consisted of participants with a relatively “healthy” status, where anyone with clinical level 

symptoms of anxiety or depression were excluded from the study. We selected these participants 

with the intent to highlight and isolate the negative outcomes associated with ELA that are distinct 

from any effects from overt neurological disease. Future studies that expand upon reported brain-

gut phenotypes in individuals with ELA-associated conditions, such as anxiety and depression, 

are of interest. Finally, while the results from this study reveal novel associations between ELA 
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and later-life alterations in microbiome-related metabolites and functional brain connectivity, the 

cross-sectional study design precludes the ability to make causal inferences. Longitudinal studies 

in humans would help to strengthen correlations and shed light on the timing of interactions 

between early trauma and altered metabolites and functional brain connectivity.  

Although we control for BMI in our final analysis exploring the relationship between ELA, 

metabolites, and clinical measures, it is important to highlight the positive association between 

ELA and BMI we identify here – a relationship that has also been confirmed in previous work102,103. 

Obesity is increasingly understood as a brain-gut-microbiome disorder, with mechanisms similar 

to those we identify in this present work with respect to anxiety and depression. Future 

investigations may benefit from exploring the intersection between ELA and BMI on these clinical 

measures within the context of brain-gut interactions104. 

 

4.5. Clinical Implications and Conclusions  

Our findings in human subjects with a history of ELA demonstrate associations that may 

support the hypothesis that traumatic experiences during critical periods of brain and gut 

development shape long-term changes in brain-gut interactions. We suggest that this may occur 

via the well characterized effect of ELA on brain networks involved in emotion regulation and 

autonomic nervous system output to potentially alter gut microbial function, in the form of 

microbially-modulated metabolites. The observed dysregulation of glutamate pathways may 

result in excitotoxicity and oxidative stress, disrupting neural circuit assembly and existing brain 

network connectivity, and increasing the risk of developing anxiety and depression. Overall, 

findings from the study provide clinical evidence of brain-gut alterations in response to ELA, and 

further form a solid foundation upon which to assess potential roles for the microbiome in 

mediating adverse effects of ELA on brain development and later-life behavior.   
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Figure 5.1: Early Life Adversity Differentiates Fecal Metabolite Composition  
N=128 total, Low ETI group N=76, High ETI group N=52 
A: Gut metabolites cluster by PLS-DA.  
B: Fold change of significant metabolites after FDR correction, q < 0.05. Errors bars represent 
mean +/- SEM. 
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Figure 5.2: Early Life Adversity Differentiates Brain Connectivity 
N=128 total, Low ETI group N=76, High ETI group N=52 
A: Brain connectivity clusters by SPLS-DA. 
B: Significant regions after FDR correction, q < 0.05. Error bars represent mean +/- SEM. 
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Figure 5.3: Early Life Adversity Impacts Multiple Brain Networks 
Brain Regions:  
SupFG/S: superior frontal gyrus and sulcus, PreCG: precentral gyrus, PostCG: postcentral gyrus, 
PaCL: paracentral lobule, pINS: posterior insula; Thal: thalamus, pACC: pregenual anterior 
cingulate cortex, MOcG: middle occipital gyrus, CoS-LinS: medial occipito-temporal sulcus 
(collateral sulcus) and lingual sulcus, IPL: inferior parietal lobule, aINS: anterior insula, PrCun: 
precuneus, SupTGLp: lateral aspect of the superior temporal gyrus, MTG: middle temporal gyrus, 
InfTG: inferior temporal gyrus, MedOrS: medial orbital sulcus (olfactory sulcus) , RG: gyrus rectus 
(straight gyrus). 
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Figure 5.4: Early Life Adversity Interacts with Clinical Variables, Gut Metabolites and Brain 
Connectivity 
N=128 total, Low ETI group N=76, High ETI group N=52 
p-value significant <.05 
Q-values derived from FDR correction, q-value significant <.05 
Red Line: Significant associations in the High ETI group (ETI Total >4) 
Green Line: Significant associations in the High ETI group (ETI Total <=4) 
Grey Line: Significant associations in the whole sample 
Networks: 
SMN: sensorimotor, DMN: default mode, SAL: salience, CEN: central executive, CAN: central 
autonomic, ERN: emotion regulation, OCC: occipital. 
Brain Regions: 
SupFG: superior frontal gyrus, SupCirInS: superior segment of the circular sulcus of the insula, 
PosCG: postcentral gyrus, IntPS_TrPS: intraparietal sulcus (interparietal sulcus) and transverse 
parietal sulci, InfTG: inferior temporal gyrus, SupTGLp: lateral aspect of the superior temporal 
gyrus, SupFS: superior frontal sulcus, PaCL/S: paracentral lobule and sulcus, Thal: thalamus, 
ATrCoS: anterior transverse collateral sulcus, RG: straight gyrus (gyrus rectus), ACgG_S: anterior 
part of the cingulate gyrus and sulcus, InfCirInS: inferior segment of the circular sulcus of the 
insula; CoS_LinS: medial occipito-temporal sulcus (collateral sulcus) and lingual sulcus. 
Clinical Variables: 
ETI: early traumatic inventory; BMI: body mass index, PSS: Perceived Stress Scale, HADS: 
Hospital Anxiety and Depression Scale.    
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Figure 5.S1: Early Life Adversity Does Not Differentiate Alpha and Beta Diversity or 
Taxonomic Relative Abundances 
A. Alpha diversity metrics, from left to right: ACE (p = 0.50749), Chao1 (p = 0.63385), Shannon 
(p = 0.10209). 
B. Beta diversity: Bray-Curtis-based PCoA (permanova p = 0.441). 
C: Taxanomic relative abundances: left displays results at the phylum level, right displays results 
at the genus level. 
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Psychological 
Measures 

Low ETI 
N 

High ETI 
N t-value p-value 

Mean SD Mean SD 

Sex 
48 

Female 28 Male 76 
37 

Female 15 Male 52 - - 

Age 27.28 7.55 76 28.81 7.051737 52 -1.17 0.2441 

ETI  1.20 1.36 76 8.60* 3.40 52 16.27 0.0001 

BMI (kg/m2) 27.42 5.16 76 30.76 5.30 52 -3.53 0.0006 

PSS Score 11.18 6.39 76 13.37 6.77 52 -1.84 0.0690 

HADS Anxiety   3.97 3.33 76 5.33 3.55 52 -2.17 0.0322 

HADS 
Depression   1.82 2.00 76 2.29 2.69 52 -1.08 0.2845 

 
TABLE 5.1: Clinical Characteristics Associated with Early Life Adversity 
N=128 total, Low ETI group N=76, High ETI group N=52 
Means and standard deviations are reported for normally distributed data. ETI threshold = 4 (Low 
ETI: ETI-SR total ≤ 4, High ETI: ETI-SR total > 4). ETI: early traumatic inventory; BMI: body mass 
index, PSS: Perceived Stress Scale, HADS: Hospital Anxiety and Depression Scale.  
p-significant <.05  
* Previous reports for mean ETI in healthy adults are 7.5 (sd 5.4)41 
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VIP metabolites 
Super 

Pathway 
Sub Pathway beta se t 

p-
value 

q-value 

glutamate, 
gamma-methyl 

ester 

Amino 
Acid 

Glutamate 
Metabolism 

-0.407 0.175 -2.322 0.022 0.044 

5-oxoproline 
Amino 
Acid 

Glutathione 
Metabolism 

-0.425 0.180 -2.356 0.020 0.044 

formiminoglutama
te 

Amino 
Acid 

Histidine Metabolism -0.424 0.184 -2.308 0.023 0.219 

N6-formyllysine 
Amino 
Acid 

Lysine Metabolism 0.423 0.188 2.254 0.026 0.219 

N,N,N-trimethyl-
5-aminovalerate 

Amino 
Acid 

Lysine Metabolism -0.462 0.185 -2.501 0.014 0.219 

N,N-dimethyl-5-
aminovalerate 

Amino 
Acid 

Lysine Metabolism -0.519 0.184 -2.822 0.006 0.219 

N6,N6-
dimethyllysine 

Amino 
Acid 

Lysine Metabolism 0.413 0.189 2.190 0.030 0.219 

N1,N12-
diacetylspermine 

Amino 
Acid 

Polyamine 
Metabolism 

0.419 0.184 2.278 0.024 0.219 

(N(1) + N(8))-
acetylspermidine 

Amino 
Acid 

Polyamine 
Metabolism 

0.402 0.185 2.177 0.031 0.219 

diacetylspermidin
e* 

Amino 
Acid 

Polyamine 
Metabolism 

0.468 0.186 2.513 0.013 0.219 

lactate 
Carbohy

drate 

Glycolysis, 
Gluconeogenesis, 

and Pyruvate 
Metabolism 

-0.390 0.185 -2.102 0.038 0.401 

xanthopterin 
Cofactors 

and 
Vitamins 

Pterin Metabolism -0.410 0.186 -2.204 0.029 0.250 

malate Energy TCA Cycle -0.550 0.182 -3.016 0.003 0.018 

tricarballylate Energy TCA Cycle -0.378 0.188 -2.016 0.046 0.138 

N-behenoyl-
sphingadienine 
(d18:2/22:0)* 

Lipid Ceramides -0.420 0.188 -2.232 0.027 0.282 

LAHSA (18:2/OH-
18:0)* 

Lipid 
Fatty Acid Hydroxyl 

Fatty Acid 
-0.405 0.184 -2.198 0.029 0.282 

dihydroorotate Lipid 
Fatty Acid 

Metabolism(Acyl 
Carnitine) 

-0.485 0.187 -2.598 0.011 0.234 

azelate 
(nonanedioate; 

C9) 
Lipid 

Fatty Acid, 
Dicarboxylate 

-0.396 0.188 -2.102 0.038 0.282 

maleate Lipid 
Fatty Acid, 

Dicarboxylate 
-0.499 0.187 -2.671 0.009 0.234 

mevalonate Lipid 
Mevalonate 
Metabolism 

0.406 0.183 2.223 0.028 0.282 

1-
palmitoylglycerol 

(16:0) 
Lipid Monoacylglycerol 0.405 0.185 2.186 0.031 0.282 
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pregnen-diol 
disulfate* 

Lipid 
Pregnenolone 

Steroids 
0.542 0.187 2.902 0.004 0.235 

lithocholic acid 
sulfate (2) 

Lipid 
Secondary Bile Acid 

Metabolism 
0.367 0.182 2.017 0.045 0.282 

sphinganine Lipid 
Sphingolipid 

Synthesis 
-0.384 0.188 -2.042 0.043 0.282 

allantoin 
Nucleotid

e 

Purine Metabolism, 
(Hypo)Xanthine/Inos

ine containing 
-0.423 0.185 -2.290 0.024 0.148 

urate 
Nucleotid

e 

Purine Metabolism, 
(Hypo)Xanthine/Inos

ine containing 
-0.569 0.182 -3.122 0.002 0.036 

pseudouridine 
Nucleotid

e 

Pyrimidine 
Metabolism, Uracil 

containing 
-0.376 0.185 -2.028 0.045 0.148 

3-(3-
hydroxyphenyl)pr

opionate 

Xenobioti
cs 

Benzoate 
Metabolism 

0.467 0.182 2.560 0.012 0.107 

3-(4-
hydroxyphenyl)pr

opionate 

Xenobioti
cs 

Benzoate 
Metabolism 

0.389 0.188 2.071 0.040 0.141 

3,4-
dihydroxybenzoat

e 

Xenobioti
cs 

Benzoate 
Metabolism 

-0.395 0.179 -2.212 0.029 0.121 

piperidine 
Xenobioti

cs 
Food 

Component/Plant 
-0.459 0.187 -2.459 0.015 0.107 

sitostanol 
Xenobioti

cs 
Food 

Component/Plant 
-0.489 0.186 -2.630 0.009 0.107 

sucralose 
Xenobioti

cs 
Food 

Component/Plant 
-0.416 0.188 -2.218 0.028 0.121 

 
TABLE 5.2: Gut Metabolites Associated with Early Life Adversity 
N=128 total, Low ETI group N=76, High ETI group N=52 
p-value significant <.05 
Q-values derived from FDR correction, q-value significant <.05 
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Netw
ork A 

Region 
A  

Netwo
rk B 

Region 
B  

LOADIN
GS  

Comp 1  

LOADIN
GS 

Comp 2  

VIP 
Com
p 1  

VIP 
Comp 

2  t  

p-
valu

e  

q-
valu

e  
Interpr
etation  

Brain Signature 1  

SMN 
R_SupF
G (SMA)  SAL 

R_SupCi
rInS 

(aINS)  -0.778   
236.1

96 
164.54

5 

-
4.2
71 

3.80
E-05 

2.99
E-04 

high 
ETI ↑  

SMN 
R_PosC
G (SI)  CEN 

L_IntPS
_TrPS 
(IPL)  -0.467   

141.8
89 98.846 

-
4.1
49 

6.10
E-05 

2.99
E-04 

high 
ETI ↑  

DMN 
R_InfTG 

(LTC)  SAL 

R_SupCi
rInS 

(aINS)  -0.395   
119.8

72 83.508 

-
4.1
20 

6.80
E-05 

2.99
E-04 

high 
ETI ↑  

DMN 

R_SupT
GLp 

(LTC)  SMN 
R_SupF
S (SMA)  -0.145   

44.04
1 30.681 

-
4.0
23 

9.83
E-05 

2.99
E-04 

high 
ETI ↑  

DMN 
R_PrCu

n  OCC 
L_MOcG 
(OCC)  0.011   3.181 78.003 

3.9
71 

1.19
E-04 

2.99
E-04 

low ETI 
↑  

Brain Signature 2  

SMN 
L_PaCL

_S  SMN R_Thal   -0.660  

143.83
9 

-
3.3
53 

0.00
1 0.002 

high 
ETI ↑  

DMN 
L_MTG 
(LTC) CAN 

L_MedO
rS 

(OFC)   -0.434  94.628 

-
2.5
25 

0.01
3 0.019 

high 
ETI ↑  

DMN 

R_ATrC
oS 

(LTC)  CAN 
R_RG 
(OFC)   -0.168  36.603 

-
2.6
74 

0.00
9 0.014 

high 
ETI ↑  

DMN 
R_PrCu

n  SAL 

R_SupCi
rInS 

(aINS)   0.199  43.528 
1.5
62 

0.12
1 0.121 

low ETI 
↑  

DMN 
R_PrCu

n  SMN 
L_PRCG 

(M1)   0.251  54.791 
2.0
46 

0.04
3 0.054 

low ETI 
↑  

DMN 
R_PrCu

n  SMN 
R_PosC
G (S1)   0.162  35.258 

1.6
49 

0.10
2 0.117 

low ETI 
↑  

DMN 
R_PrCu

n  SMN 
L_PRCG 

(M1)  0.096  20.959 
1.5
67 

0.12
0 0.121 

low ETI 
↑  

DMN 
R_PrCu

n  OCC 
L_MOcG 
(OCC)   0.358 3.181 78.003 

3.9
71 

1.19 
E-04 

2.99 
E-04 

low ETI 
↑  

ERN 

L_ACgG
_S 

(pACC)  SMN 

L_InfCirI
nS 

(aINS)   0.277  60.415 
3.5
83 

4.84 
E-04 

1.04
E-04 

low ETI 
↑  

OCC 

R_CoS_
LinS 

(OCC)  ERN 

L_ACgG
_S 

(pACC)    0.062   13.483 
2.3
29 

0.02
1 0.029 

low ETI 
↑  

 
TABLE 5.3: Brain Connectivity Associated with Early Life Adversity 
N=128 total, Low ETI group N=76, High ETI group N=52 
p-value significant <.05 
Q-values derived from FDR correction, q-value significant <.05 
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Comp: Components; VIP: variable importance projection 
Networks: 
SMN: sensorimotor, DMN: default mode, SAL: salience, CEN: central executive, CAN: central 
autonomic, ERN: emotion regulation, OCC: occipital. 
Brain Regions: 
SupFG: superior frontal gyrus, SMA: supplementary motor area, SupCirInS: superior segment of 
the circular sulcus of the insula, aINS: anterior insula, PosCG: postcentral gyrus, S1: primary 
somatosensory cortex, IntPS_TrPS: intraparietal sulcus (interparietal sulcus) and transverse 
parietal sulci, IPL: inferior parietal lobule, InfTG: inferior temporal gyrus, LTC: lateral temporal 
cortex, SupTGLp: lateral aspect of the superior temporal gyrus, SupFS: superior frontal sulcus, 
MOcG: middle occipital gyrus, OCC: occipital lobe, PaCL/S: paracentral lobule and sulcus, Thal: 
thalamus, MTG: middle temporal gyrus, MedOrS: medial orbital sulcus (temporal sulcus), OFC: 
orbitofrontal cortex, ATrCoS: anterior transverse collateral sulcus, RG: straight gyrus (gyrus 
rectus), PrCun: precuneus, PRCG: precentral gyrus, ACgG_S: anterior part of the cingulate gyrus 
and sulcus, pACC: pregenual anterior cingulate cortex,, InfCirInS: inferior segment of the circular 
sulcus of the insula, CoS_LinS: medial occipito-temporal sulcus (collateral sulcus) and lingual 
sulcus. 
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HIGH ETI (ETI-SR total > 4) 

   correlation 
coefficient 

p-
value 

q-
value 

Brain x Metabolites 

R_InfTG - R_SupCirinS 
DMN-
SAL 

malate -0.292 0.003 0.003 

R_ ATrCoS (LTC) - 
R_RG (OFC) 

DMN-
CAN  

glutamate, gamma-
methyl ester 

-0.399 0.001 0.003 

R_CoS_LinS - 
L_ACgG_S 

OCC-
ERN 

malate -0.279 0.001 0.003 

Brain x Clinical Variables 

R_SupTGLp - R_SupFS 
DMN-
SMN 

PSS Score 0.348 0.001 0.002 

L_PaCL_S - R_Tha 
SMN-
SMN 

BMI -0.283 0.004 0.002 

R_ATrCoS - R_RG 
DMN-
CAN 

BMI 0.329 0.001 0.004 

Metabolites x Clinical Variables 

HADS Anxiety   
glutamate, gamma-

methyl ester 
-0.311 0.002 0.005 

HADS Depression   
glutamate, gamma-

methyl ester 
-0.299 0.003 0.005 

HADS Depression   5-oxoproline -0.322 0.020 0.005 

HADS Anxiety   5-oxoproline -0.289 0.003 0.020 

HADS Depression   urate -0.353 0.010 0.013 

 

LOW ETI (ETI-SR total <= 4) 

   
correlation 
coefficient 

p-
value 

q-
value 

Brain x Metabolites 

L_PaCL_S - R_Tha 
SMN-
SMN 

glutamate, gamma-
methyl ester 

-0.228 0.004 0.004 

L_PaCL_S - R_Tha 
SMN-
SMN 

5-oxoproline -0.229 0.004 0.004 

L_ACgG_S - L_InfCirIns 
ERN-
SMN 

urate -0.229 0.004 0.004 

Brain x Clinical Variables 

R_PosCG - 
L_IntPS_TrPS 

SMN-
CEN 

PSS Score 0.254 0.002 0.003 

R_PosCG - 
L_IntPS_TrPS 

SMN-
CEN 

HADS Anxiety 0.264 0.002 0.003 

R_PosCG - 
L_IntPS_TrPS 

SMN- 
CEN 

HADS Depression  0.333 0.003 0.003 

Metabolites x Clinical Variables 

BMI  
glutamate, gamma-

methyl ester 
-0.291 0.011 0.022 

ETI Total Score  5-oxoproline 0.253 0.023 0.023 
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BMI   5-oxoproline -0.266 0.021 0.023 

ETI Total Score  urate 0.276 0.001 0.004 

 
TABLE 5.4: Early Life Adversity Interacts with Clinical Variables, Gut Metabolites and Brain 
Connectivity 
N=128 total, Low ETI group N=76, High ETI group N=52 
p-value significant <.05 
Q-values derived from FDR correction, q-value significant <.05 
Networks: 
SMN: sensorimotor, DMN: default mode, SAL: salience, CEN: central executive, CAN: central 
autonomic, ERN: emotion regulation, OCC: occipital. 
Brain Regions: 
SupFG: superior frontal gyrus, SupCirInS: superior segment of the circular sulcus of the insula, 
PosCG: postcentral gyrus, IntPS_TrPS: intraparietal sulcus (interparietal sulcus) and transverse 
parietal sulci, InfTG: inferior temporal gyrus, SupTGLp: lateral aspect of the superior temporal 
gyrus, SupFS: superior frontal sulcus, PaCL/S: paracentral lobule and sulcus, Thal: thalamus, 
ATrCoS: anterior transverse collateral sulcus, RG: straight gyrus (gyrus rectus), ACgG_S: anterior 
part of the cingulate gyrus and sulcus, InfCirInS: inferior segment of the circular sulcus of the 
insula; CoS_LinS: medial occipito-temporal sulcus (collateral sulcus) and lingual sulcus. 
Clinical Variables: 
ETI: early traumatic inventory; BMI: body mass index, PSS: Perceived Stress Scale, HADS: 
Hospital Anxiety and Depression Scale.   
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Appendix 1 contains supporting information related to Chapter 3, in which I report that 

gestational protein restriction (PR) alters fetal brain signatures and long-term behavioral 

outcomes in offspring, which are modulated by the maternal microbiome and can be ameliorated 

by select microbially-informed interventions. In order to further examine neural signatures of 

gestational malnutrition in the fetal brain, and how these may lead to observed behavioral 

impairment in adulthood, I have investigated multiple avenues of inquiry. I start by investigating 

fetal and placental disruption at a mid-gestational timepoint, and identify late gestation as the 

period where fetal disruption becomes grossly apparent. I then clarify that the anxiety-like and 

cognitive behavioral impairment reported in Chapter 3 is specific, because we do not see 

impairment in other behavioral domains. Next, I use targeted metabolomics, histology, and 

quantitative polymerase chain reaction (qPCR) to investigate possible mechanisms of fetal brain 

disruption in response to both gestational PR and maternal microbial depletion, including short 

chain fatty acids (SCFA), hypothalamic-pituitary-adrenal (HPA) axis targets, serotonergic axons, 

neuronal proliferation, and microglia. I then take a look at splenic and placental insufficiency in 

response to gestational PR, as well as to microbial depletion or targeted interventions. And finally, 

I test a probiotic supplementation during gestation to try to combat persistent behavioral 

phenotypes of PR-exposed offspring. 

 

Placental insufficiency precedes fetal growth restriction in gestational PR 

In Chapter 3, we profile various fetal and maternal phenotypes at embryonic day (E) 18.5 

in response to gestational PR. Prior to honing in on this late gestational timepoint, I first 

investigated a mid-gestational timepoint, E14.5, where we have previously found disruptions in 

response to maternal perturbations (Chapter 4;1,2). When investigating gross weight changes, I 

observed a lack of apparent fetal growth restriction at this timepoint, but did observe placental 

insufficiency (Fig. A.1a-b). Placental disruptions preceding fetal have been previously reported in 

dietary models, and may suggest impaired support of the fetus via disruptions in nutrient, oxygen, 
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or waste transfer3. As observed at E18.5 (Chapter 3), maternal post-transection weight was 

significantly less in PR-fed dams compared to those fed control diet (CD) at E14.5, which was not 

explained by a difference in diet consumed (Fig. A.1c-d). PR dams also displayed smaller spleen 

weight as a percentage of total body weight (Fig. A.1e), suggesting potential immune disruption 

on the maternal side. Immune function has been highlighted previously in malnourished children4 

and is appreciated as an essential function during neurodevelopment5. Furthermore, maternal 

immune activation during pregnancy is a risk factor for neurodevelopmental disorders in 

offspring6. 

Although I did not observe differences in fetal size at this timepoint, I were curious about 

alterations in brain size, or in brain to body ratio. Using micro-computed tomography (uCT), we 

found no significant differences in total fetal volume or surface area, fetal brain or ventricular 

volume, or fetal brain to body ratio between CD and PR (Fig. A.1e-j). This is in contrast to previous 

reports which suggest altered brain size and structure following PR, both in postnatal humans7 

and in prenatal animal models3.  

Due to the observed decrease in placental size in PR litters, I were curious about placental 

function, and whether this may partially underly the observed fetal growth restriction at late-

gestation (Chapter 3). Using immunostaining and confocal imaging, we saw no significant 

differences in integrated density of laminin in the placental labyrinth (the fetal compartment) 

between CD and PR placentas (Fig. A.1k). Laminin is a component of placental endothelial cells, 

and therefore provides insight into feto-placental vasculature, which did not appear to be disrupted 

in this case. However, past work has described abnormalities in placental blood vessels and 

perfusion following gestational PR8,9. Overall, the E14.5 experiments suggest that in the context 

of gestational PR, placental and maternal weight changes precede fetal growth restriction. 

However, it is unclear from our investigation the degree to which placental size implies impaired 

function, and whether the placental phenotype might contribute to later fetal growth restriction. 
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Offspring behavioral impairment following gestational PR is domain-specific 

In Chapter 3 we investigate anxiety-like behavior and cognitive impairment in adult 

offspring subject to gestational PR and associated rearing. To confirm whether this behavior was 

specific, or if there was a more general behavioral impairment phenotype, I ran a full battery of 

behavioral tests on adult offspring, cross-fostered within or across maternal diet condition, and 

fed control diet from birth. The battery included assays for exploratory/risk-taking, social, 

sensorimotor gating,  and tactile sensation behaviors.  

I ran the elevated plus maze test to measure anxiety-like behavior10. I found a significant 

reduction in the ratio of entries to closed versus open arms in PR→PR offspring compared to 

PR→CD by litter average (Fig. A.2e), which seems to be driven by male offspring specifically 

(Fig. A.2f). This may suggest increased exploratory or risk-taking behavior or decreased anxiety-

like behavior, although this effect was not replicated in the ratios for time spent or distance 

traveled in the closed arm, either by litter average or in either sex (Fig. A.2a-d).  

I ran the three-chamber social preference test to measure motivation for social 

interaction11. I found a significant increase in the ratio of entries to social versus empty zone in 

PR→PR offspring compared to both PR→CD and CD→PR, although this effect was only apparent 

in female offspring, not by litter average (Fig. A.2k-l). This may suggest a female-specific 

preference for social interaction, however this was not replicated in the ratios for time spent or 

distance traveled in the social zone, either by litter average or in either sex (Fig. A.2g-j).  

I ran acoustic startle and pre-pulse inhibition testing to measure sensorimotor gating12. 

There were no significant differences in amount of pre-pulse inhibition or in magnitude of startle 

response, either by litter average or in either sex (Fig. A.2m-p), suggesting intact sensorimotor 

gating. 

I ran adhesive removal test and Von Frey filament test to measure tactile sensitivity and 

sensorimotor function in front and back paws, respectively13,14. In adhesive removal test, there 

was no significant difference in latency to contact or removal of the tape from the front paws by 
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litter average (Fig. A.2q), although there was a trending increase in latency to removal in female 

PR→PR offspring compared to PR→CD (Fig. A.2r). Similarly, there was no significant difference 

in back paw withdrawal threshold by litter average (Fig. A.2s), although there was a significant 

decrease in withdrawal threshold in CD→PR males, and a trending decrease in CD→PR females, 

compared to CD→CD controls (Fig. A.2t). These findings are modest, but may suggest impaired 

fine motor response in females subjected to PR gestation and associated rearing, but increased 

tactile sensitivity in both sexes subjected to PR associated rearing alone. 

Overall, behavioral results from these additional assays provide less consistent and 

convincing evidence for impairment compared to the assays presented in Chapter 3, suggesting 

a primary effect of PR on anxiety-like and cognitive behaviors. 

 

Serotonergic axons are disrupted by gestational protein restriction and maternal microbial 

depletion 

Following observations of behavioral impairment in anxiety-like and cognitive domains in 

adult offspring exposed to gestational PR and associated rearing (Chapter 3), I was curious about 

effects of PR on fetal brain that may manifest as behavioral dysregulation in adulthood. My first 

hypothesis was that neuronal or microglial proliferation may play a role, as impaired neuronal 

proliferation15 and altered microglial proteome16 were previously reported in a gestational PR 

model. To this end, we used immunostaining and confocal imaging to investigate neural 

proliferation and microglia in the hippocampus (Fig. A.3a) and frontal cortex (Fig. A.3b) of CD 

and PR fetus at E18.5. However, we saw no significant differences in integrated density of nestin 

(a marker of neural stem cells and progenitors), or in the number of cells positive for Ki67 (a 

marker of proliferation) in either of the examined brain regions (Fig. A.2b-c, A.3b-c). Additionally, 

we saw no significant differences in the number of cells positive for Iba1 ( a marker of microglia) 

with or without Ki67, or in the integrated density of Iba1 per positive cell (a measure of microglial 

inflammation) in either of the examined brain regions (Fig. A.2d-f, A.3d-f). These results provide 



 

 

211 

 

 

contrasting evidence to prior findings which reported that gestational PR decreased neural stem 

cells/progenitors and reduced proliferation in the ganglionic eminences in mid- and late-

gestation15.  

In Chapter 3 we also highlight the potential for HPA axis signaling to be disrupted by PR, 

as we saw elevated corticosterone in PR maternal serum and fetal brains at E18.5. Stress during 

critical periods can be neurotoxic, is known to interact with both maternal microbiome and fetal 

neurodevelopment17,18, and to precipitate anxiety- and cognitive-related behavioral deficits in 

offspring19. For this reason, I wanted to further investigate HPA axis-related targets in the fetal 

brain using qPCR. I quantified Hsd11b1 and Hsd11b2, which act to convert cortisol to and from 

its inactive form, cortisone, as well as Fkbp5, which is involved in regulation of glucocorticoid 

receptors. I quantified these genes in the fetal brains of SPF (specific pathogen-free; conventional 

microbiome) CD and PR dams, but also in those of dams treated with broad-spectrum antibiotics 

(ABX) to deplete the microbiota, to assess contributions of maternal microbiome. Interestingly, 

there were no significant differences in these genes between any of the groups (Fig. A.5a-d).  

In Chapter 3, we discussed transcriptomic and metabolomic signatures of PR in fetal 

brain. One significantly downregulated gene was Slc6a4, which encodes serotonin transporter 

(SERT). Furthermore, tryptophan and associated metabolic pathways were significantly 

downregulated in PR maternal serum but upregulated in fetal brain, and one of the metabolites in 

the 10M cocktail which ameliorated select PR phenotypes in offspring was 3-indoxyl sulfate, a 

tryptophan catabolite. Based on these findings, I wondered whether serotonergic signaling could 

be disrupted in the fetal brain following PR exposure. To investigate, we used immunostaining 

and confocal imaging to assess SERT+ axons in the hippocampus (Fig. A.6a) and frontal cortex 

(Fig. A.7a) at E18.5. We looked at SPF CD and PR fetuses, as well as ABX PR, to assess 

contributions of maternal microbiome. We found that fetuses subject to PR had significantly 

reduced SERT+ axons, measured by count and sum length, particularly in hippocampal CA3 (Fig. 

A.6c-d) and frontal cortex layers IZ, SZ, and CP (Fig. A.7c-d). Furthermore, ABX PR fetal brains 
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had further reduced SERT+ axons in the VZ and IZ of the frontal cortex. Importantly, in all 

hippocampal and frontal cortex subregions the staining of NeuN was consistent between groups 

(Fig. A.6b, A.7b), suggesting a serotonergic-specific depletion, rather than fewer neurons overall. 

Interestingly, the direction of this depletion is consistent with the behavioral impairments reported 

in Chapter 3, where PR offspring displayed worse learning and memory in Barnes maze testing 

compared to CD, and ABX PR offspring performance was further exacerbated compared to SPF 

PR. Although this experiment is by no means causal, it is intriguing to postulate about whether 

serotonergic circuits in the fetal brain could underly later behavioral disruption in response to 

gestational PR. Indeed, tryptophan and serotonin were altered by protein restriction during 

gestation and lactation in rats20, serotonin regulates many neurodevelopmental processes 

including neurogenesis, proliferation, differentiation, and plasticity, and altered levels during 

gestation have been linked to behavioral impairments, including anxiety and cognitive, in 

offspring21.  

 

Gestational PR influences select SCFAs in fetal brain in late gestation 

 Based on previous findings from the lab in which the SCFA acetate, butyrate, and 

propionate were sufficient to rescue maternal microbiome depletion- and maternal protein 

restriction-induced placental insufficiency2, I wondered about how gestational PR was affecting 

SCFA levels in maternal serum and fetal brain. Surprisingly, I found no significant effect of ABX 

treatment, and only moderate effects of gestational PR on SCFA levels in fetal brain. 2-

Methylbutyric acid and Isobutyric acid were both significantly reduced in SPF PR fetal brain 

compared to SPF CD, and in ABX PR fetal brain compared to ABX CD, suggesting a microbiome-

independent effect of diet on these metabolites (Fig. A.8a, e). Isovaleric acid was reduced in SPF 

PR fetal brain compared to SPF CD, but this effect did not reach significance (Fig. A.8f). 

Furthermore, acetic acid was significantly increased in ABX PR fetal brain compared to ABX CD, 

and the same trend was apparently in SPF PR compared to SPF CD, although the latter did not 
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reach significance (Fig. A.8b). I found no significant effect of diet on SCFA levels in maternal 

serum. Isovaleric acid did show an ABX affect, whereby it was increased in SPF CD maternal 

serum compared to ABX CD maternal serum, but this did not reach significance (Fig. A.8f). 

Butyric acid, hexanoic acid, propionic acid, and valeric acid showed no significant effects of either 

diet or microbiome, in either tissue type (Fig. A.8c-d, g-h). 

 These results showing no ABX-driven changes in SCFA are surprising, as SCFA have 

been shown to be altered following microbial depletion22,23. Alterations in select SCFA in fetal 

brain may underly some of the neurodevelopmental impairments reported here and in Chapter 

3, as SCFA are known to be neurodevelopmentally influential24. Interestingly, the SCFA butyrate 

has been reported to ameliorate cognitive and neurophysiological impairments following maternal 

low-fiber diet25, however, the limited differences reported here are consistent with the lack of 

behavioral amelioration following SCFA supplementation discussed in Chapter 3. 

 

Gestational PR induces placental and splenic insufficiency in late-gestation 

Based on the findings of placental and splenic insufficiency at E14.5 detailed above (Fig. 

A.1), I was curious whether these phenotypes would persist to E18.5. I found that indeed, in E18.5 

litters SPF PR dams had significantly smaller spleens (Fig. A.9a) and placentas (Fig. A.9e) 

compared to SPF CD. Additionally, ABX PR placentas and spleens were significantly smaller than 

ABX CD, and ABX CD spleens were also significantly smaller than SPF CD, suggesting the 

maternal microbiota may support spleen growth during pregnancy, but that depletion does not 

remove the diet-induced difference in either spleen or placenta size. Because select maternal 

microbiota-informed interventions were effective at ameliorating select PR phenotypes (Chapter 

3), I was curious if the same would be the case here. However, supplementation with short-chain 

fatty acids or the 10M microbially-modulated metabolite cocktail failed to ameliorate maternal 

spleen (Fig. A.9b-c) or placental size (Fig. A.9f-g). Supplementation with a consortia of seven 

bacteria found to be depleted in PR dams also had no significant effect on placental size (Fig. 
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A.9h) but significantly exacerbated spleen size (Fig. A.9d). To further explore the placental 

phenotype in particular, we used uCT, and found that SPF PR placentas had significantly smaller 

volume and surface area compared to SPF CD (Fig. A.9i-j). In conclusions, the placental and 

splenic insufficiency induced by gestational PR were persistent, did not appear to be microbiome-

dependent, and were not ameliorated by any microbially-informed interventions. 

 

Bacterial supplementation has mild and mixed effects on PR phenotypes 

In Chapter 3, we showed that a microbially-modulated metabolite cocktail (10M) was 

sufficient to ameliorate select phenotypes of gestational PR, including maternal corticosterone, 

offspring survival, and adult behavioral impairment in a sex-dependent manner. We further 

showed that PR dams had diet-driven taxonomic differences throughout pregnancy. I was curious 

whether supplementing the microbes themselves, rather than microbe-dependent products, 

would have a similar result to 10M. Indeed, probiotic supplementation has been effective in 

ameliorating gastrointestinal consequences of malnutrition in children26. To this end, we identified 

seven bacterial genera that were significantly reduced in PR dams (Fig. A.10a), cultured 

representative strains of each, and supplemented them (7B), or a PBS vehicle, throughout 

gestation via daily oral gavage to PR-fed dams (Fig. A.10b). I found a nonsignificant increase in 

fetal size at E18.5 (Fig. A.10c) and no significant differences in maternal weight or diet consumed 

(Fig. A.10d-e), maternal corticosterone (Fig. A.10f), litter size (Fig. A.10g), or offspring weight in 

the first two weeks or life or in adulthood (Fig. A.10i-j). There was a small increase in litter survival 

(Fig. A.10h).  

Adult offspring supplemented with 7B showed no significant behavioral amelioration 

compared to PBS-supplemented controls by litter average (Fig. A.11a-e), although they did have 

a near-significant increase in latency to escape (Fig. A11b) and errors (Fig. A11e) during the 

acquisition and probe phases of Barnes Maze, respectively. When separating by sex, however, 

adult offspring of 7B-supplemented and PR-fed dams displayed significantly different behavioral 
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responses, compared to PBS-supplemented offspring. Namely, male offspring supplemented with 

7B during gestation displayed reduced anxiety-like behavior, spending significantly more time, 

and traveling near-significantly greater distance in the center of the open field, whereas female 

offspring showed the opposite effect, displaying greater anxiety-like behavior (Fig. A.12a-b). 

Additionally, male offspring supplemented with 7B during gestation spent significantly less time in 

the target zone during the probe trial of Barnes Maze (Fig. A.12e), while neither males nor 

females had a significant difference in errors made during the probe phase (Fig. A.12f), nor in 

latency to escape or to target zone during the acquisition phase of Barnes Maze (Fig. A.12c-d).  

Together, these results suggest that 7B supplementation fails to ameliorate prenatal fetal 

or maternal PR phenotypes, and has a bidirectional, sex- and domain-specific impact on 

behavioral outcomes following PR. It is unclear why some of the behavioral phenotypes were 

exacerbated particularly in female offspring, but it is possible that the probiotic cocktail had 

unforeseen pathogenic or dysbiotic potential, or that the microbes interacted with host to induce 

detrimental metabolomic outputs that manifested in a sex-specific manner. More investigation 

would be required to confirm this; however these results make apparent that the 10M intervention 

reported in Chapter 3 is a more promising potential therapeutic for PR-induced phenotypes. 

 

Methods 

Mice 

8-week old male and female C57Bl/6J mice were purchased from Jackson Laboratories 

and maintained on 12-h light-dark cycle in temperature- and humidity-controlled environment. All 

mice were kept under sterile conditions (autoclaved cages, bedding, water bottles, and water). All 

experiments were performed in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals using protocols approved by the Institutional Animal Care and Use Committee 

at UCLA. 
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Protein restriction 

Mice were first subjected to a microbiota normalization, where two scoops of bedding were 

removed from each cage, mixed together, and deposited back in each cage to normalize 

microbiota between all mice in each testing cohort. At least 5 days after normalization, male and 

female mice were given either 6% protein diet (Teklad Envigo; TD.90016) or 20% control diet 

(Teklad Envigo; TD.91352) ad libitum for at least 2 weeks. Following this habituation period, mice 

were paired and time-mated. At E0.5, determined by observation of copulation plug, pregnant 

dams were individually housed and continued to be fed the same diet through gestation. Weights 

and fecal samples were collected from each dam at E0.5 and 18.5, with a subset collected at 

E0.5, 7.5, 10.5, 14.5, 18.5. 

 

Antibiotic treatment 

For “ABX” treatment groups, SPF male and female mice were gavaged twice daily for one 

week with neomycin (100 mg/kg), metronidazole (100 mg/kg) and vancomycin (50 mg/kg), as 

previously described2,27. During this time, ampicillin (1 mg/mL) was provided ad libitum in drinking 

water. Mice were then time-mated as described above. Following gavage, mice were maintained 

on ampicillin (1 mg/mL), neomycin (1 mg/mL) and vancomycin (0.5 mg/mL) ad libitum in drinking 

water for the duration of the experiment. 

 

Tissue collections 

For E14.5 measures, dams were sacrificed by cervical dislocation at E14.5.  The entire 

uterine horn, including all conceptuses, was removed and placed in ice cold 1x PBS. Dams were 

weighed to record post-transection weight. Maternal spleen was removed and weighed. Each 

fetus and placenta was dissected from the amniotic sac and weighed. At random, whole fetuses 

were collected for uCT and serially diluted in EtOH, and whole placentas were fixed in 4% 
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paraformaldehyde (PFA) for 24 hours, cryoprotected in 30% sucrose until saturated, and then 

frozen in OCT (TissueTek) in cryo-molds and stored at -80C for subsequent histology. 

In a separate cohort, dams were sacrificed by cervical dislocation at E18.5. Blood was 

collected by cardiac puncture into vacutainer SST tubes (Becton Dickinson) and allowed to clot 

for 1 hour at room temperature, before centrifuging at 1500xg, 4C for 10 minutes. Serum 

supernatant was collected and stored at -20C for subsequent metabolomics. The entire uterine 

horn, including all conceptuses, was removed and placed in ice cold 1x PBS. Dams were weighed 

to record post-transection weight. Maternal spleen was removed and weighed. Each fetus was 

dissected from the amniotic sac and weighed. At random, whole placentas were collected for uCT 

and serially diluted in EtOH, and fetal brains were dissected and either placed into RNAlater 

(Invitrogen) for subsequent qPCR, snap-frozen in liquid nitrogen for subsequent metabolomics, 

or fixed in 4% PFA for 48 hours, cryoprotected in 30% sucrose until saturated, and then frozen in 

OCT (TissueTek) in cryo-molds for subsequent histology. All brain samples were stored at -80C.  

 

Targeted Metabolomics 

Fetal brains stored at -80C and maternal serum stored at -20C were sent to Metabolon 

for targeted metabolomic quantification. For brain samples, 1.5-2 fetal brains were pooled. Mouse 

serum and mouse brain samples are analyzed for eight short chain fatty acids: acetic acid (C2), 

propionic acid (C3), isobutyric acid (C4), butyric acid (C4), 2-methyl-butyric acid (C5), isovaleric 

acid (C5), valeric acid (C5) and caproic acid (hexanoic acid, C6) by liquid chromatography with 

tandem mass spectrometry (LC-MS/MS). Mouse serum and mouse brain samples were spiked 

with stable labelled internal standards, homogenized, and subjected to protein precipitation with 

an organic solvent. After centrifugation, an aliquot of the supernatant was derivatized. The 

reaction mixture was injected onto an Agilent 1290/AB Sciex QTrap 5500 LC MS/MS system 

equipped with a C18 reversed phase UHPLC column. The mass spectrometer was operated in 
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negative mode using electrospray ionization (ESI). The peak area of the individual analyte product 

ions was measured against the peak area of the product ions of the corresponding internal 

standards. Quantitation was performed using a weighted linear least squares regression analysis 

generated from fortified calibration standards prepared immediately prior to each run. LC-MS/MS 

raw data were collected using AB SCIEX software Analyst 1.6.3 and processed using SCIEX OS-

MQ software v1.7. Data reduction was performed using Microsoft Excel for Office 365 v.16 

 

Quantitative RT-PCR 

Fetal brains stored at -80C in RNAlater (Invitrogen) were thawed and homogenized with 

a bead-beater. RNA was extracted using the PureLink RNA Mini Kit (Invitrogen) and cDNA was 

synthesized using the qScript cDNA Synthesis Kit (Quantabio), all according to manufacturer 

instructions. qPCR with reverse transcription was performed on a QuantStudio 5 thermocycler 

(ThermoFisher Scientific) using SYBR green master mix with Rox passive reference dye and 

validated primer sets obtained from Primerbank (Harvard). Genes of interest were analyzed by 

fold change compared to the housekeeping gene Gapdh. 

 

Immunofluorescence  

Placental tissue staining 

E14.5 placental staining was performed as previously described2. Briefly, placentas were 

fixed in 4% PFA for 24 hours at 4°C, cryoprotected in 30% sucrose in PBS 4°C until saturated, 

embedded in OCT (TissueTek), and sectioned at 12 μm using a Leica CM1950 cryostat. Slices 

were placed directly onto coated slides and stored at -20°C until staining. Antigen retrieval was 

performed using !0% citrate buffer (DAKO) at 95°C for 20 minutes then at room temperature for 

15 minutes. Sections were blocked with 10% goat serum for 1 hour at room temperature, then 

incubated for 16 hours at 4°C with laminin rabbit anti-mouse antibody (1:250, Sigma-Aldrich). 

Sections were then incubated for 1 hour at room temperature in their corresponding goat anti-
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rabbit antibodies conjugated to Alexa Fluor 568 (1:1000, ThermoFisher Scientific) and DAPI 

(1:500, Invitrogen). Slides were cover-slipped and allowed to dry before imaging.  

 

Fetal brain tissue staining 

E18.5 fetal brains were fixed in 4% PFA for 48 hours at 4°C, cryoprotected in 30% sucrose 

in PBS 4°C until saturated, embedded in OCT (TissueTek), and serially sectioned at 15 μm, using 

a Leica CM1950 cryostat. Slices were placed directly onto coated slides and stored at -20°C until 

staining. Antigen retrieval was performed using 10% citrate buffer (DAKO) at 95°C for 20 minutes 

then at room temperature for 15 minutes. Sections were blocked with 10% goat serum for 1 hour 

at room temperature, then incubated with either staining panel #1 - Ki67 (1:150, ThermoFisher 

Scientific), Iba1 (1:500, Fijufilm), and Nestin (1:250, Novus) for 16 hours at 4°C; or with staining 

panel #2 - SERT (1:500, Abcam) and NeuN (1:1000, Millipore Sigma) for 16 hours at 4°C. 

Sections were then incubated for 1 hour at room temperature with either anti-chicken, anti-rat, 

and anti-rabbit secondary antibodies (1:1000, Abcam) and DAPI (1:500, Invitrogen) for staining 

panel #1; or with anti-rabbit and anti-guinea pig secondaries (1:1000, Abcam & ThermoFisher 

Scientific) and DAPI (1:500, Invitrogen) for staining panel #2. Slides were cover-slipped and 

allowed to dry before imaging.  

 

Image acquisition 

All images were acquired using a Zeiss Axio Examiner LSM 780 confocal microscope with 

a 20x objective. For placental stains, 5 Z-stack images at 1um intervals were acquired. For brain 

staining panel #1, 10 Z-stack images at 0.65um intervals were acquired. For brain staining panel 

#2, 8 Z-stack images at .97um intervals were acquired. For all tissue types, two sections per 

sample were imaged using Zen Black 2012 software (Zeiss). Images were stitched with a 10% 

overlap, and the complete range of z series was compressed using Zen Blue 2021 software 

(Zeiss). 
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Image analysis 

All image analysis was done using ImageJ (NIH). For laminin analysis2, each image was 

thresholded to exclude background and autofluorescence, by a researcher blinded to condition. 

ROIs were drawn to include the full area of the placental labyrinth. Laminin integrated density was 

measured and normalized to full tissue coverage area. 

For fetal brain analysis, ROIs for hippocampal and frontal cortex subregions were drawn 

manually using the Allen Brain Atlas and confirmed by a second researcher. For staining panel 

#1, proliferating cells were quantified by counting colocalization of Ki67 and DAPI, or Ki67, DAPI, 

and Iba1. Non-proliferating microglia were quantified by counting colocalization of Iba1 and DAPI. 

Neural progenitors and stem cells were quantified by measuring Nestin integrated density. All 

measures were normalized to DAPI tissue coverage area. For staining panel #2, serotonergic 

axons were quantified by tracing SERT-positive axons using the NeuronJ plugin (NIH). 

Serotonergic axon count and total visible axon length were recorded for each ROI. Neurons were 

quantified by NeuN integrated density. All measures were normalized to DAPI tissue coverage 

area. 

 

Micro–computed tomography 

Placental and fetal tissue were prepped and scanned as previously described1,2,27 

(Chapter 4). Briefly, whole E14.5 fetuses and E18.5 placentas were serially dehydrated, from 30 

to 50 to 70% ethanol and incubated in 4% (w/v) phosphotungstic acid diluted in 70% ethanol for 

4 days at 4°C. Tissues were scanned at 60 kVp/150 μA with a 1-mm Al filter at 8 μm resolution 

using a benchtop μCT scanner (SkyScan 1275, Bruker). Reconstructions of two-dimensional 

images were generated using dynamic range adjustment and gaussian smoothing, a ring artifact 

reduction of 10, and a defect pixel mask of 8%. Whole placental and fetal volumes and surface 

area were reconstructed and measured using CTAn and CTVol software (Bruker Corporation), 
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using a threshold range of 88 (minimum) to 255 (maximum). ROIs were drawn manually to obtain 

whole brain and ventricle volume. Brain to body ratio was calculated. 

 

Behavioral testing 

For behavioral cohorts, dams were allowed to give birth, with birth date denoted as P0. At 

E17.5, dams were given shepherd shacks to reduce stress ahead of birth. At P0, dams and diet 

were weighed, pups were counted, and all diet groups were switched to CD. Complete litters were 

cross-fostered. Subsequently, litters were checked daily for pup survival. Litters were denoted as 

not survived if <4 remained at weaning. Pups were weighed on P3, 5, 7, 9. 11, 13, and toe-

tattooed P4-P6, for identification purposes. Pups were weaned P24-P26, and separated into 

cages with same-sex litter mates. Adult behaviors were run beginning when mice were ~90 days 

old. All mice were habituated in the testing room 30 minutes prior to test start. Whenever possible, 

behavioral tests were run before 12:00pm. Tests were run in order of least to most stressful, in 

the order described below, with at least 3 days separating each test. All equipment was cleaned 

with 70% ethanol and allowed to dry in between mice. 

 

Open field test – 7B cohort only 

Open field test was employed to assess locomotion and thigmotaxis as a proxy for 

anxiety-like behavior35,36. Mice were placed into open field arenas (27.5 cm2) for 10 minutes under 

bright light. Videos were recorded using an overhead camera, and the first 5 minutes of each test 

were analyzed using AnyMaze 7.1 for time spent in center zone, distance traveled in center 

zone/total distance traveled, total distance traveled, and mean speed. 

 

Elevated plus maze – SPF cohort only 

Elevated plus maze was employed to assess exploratory and risk-taking behaviors as a 

proxy for anxiety-like behavior10. The apparatus consisted of four arms (30x5cm each) in a “plus” 
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formation, two of which are enclosed with walls and two of which are not. The maze was set up 

on a tripod to elevate it above the ground. Mice were placed into the center and allowed to freely 

explore all arms for 5 minutes. Videos were recorded with an overhead camera and analyzed 

using AnyMaze7.1. If a mouse fell off the apparatus, it was re-run again at the end of the testing 

period. Direction of open versus closed arms was counterbalanced across sex and condition. The 

time, distance/ total distance traveled, and entries to the closed versus open arms was calculated 

using the following method: (closed - open) / (closed + empty). 

 

Three-chamber social preference – SPF cohort only 

The three-chamber social preference test was run to assess sociability11. The apparatus 

was made up of three chambers (20x40.5cm) separated by clear walls but with holes enabling 

mice to freely enter each end chamber from the center. Sex-matched conspecific mice were 

habituated to the cup and testing chamber for 10 minutes prior to testing. Test mice were placed 

in the empty apparatus and allowed to explore freely for 10 minutes. An inverted wire cup was 

then placed in each end chamber, one empty and one containing the con-specific. Location of 

social cup was counterbalanced across sex and condition. Test mice were then allowed to freely 

explore for another 10 minutes. Videos were recorded with an overhead camera and analyzed 

using AnyMaze7.1. The time, distance/total distance traveled, and entries to the social versus 

empty zone in the second phase of testing were calculated using the following method: (social - 

empty) / (social + empty).  

 

Adhesive removal test – SPF cohort only 

Adhesive removal test was run as previously described27 to assess tactile sensitivity14. 

Mice were placed into an empty cage for 1 minute to acclimate. Each mouse was then scruffed, 

and a small (0.35cm2) square of medical tape (North) was gently applied to each front paw with 

curved forceps (AESCULAP). The mouse was replaced into the empty cage, and the latency to 
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notice and remove tape from each paw was recorded, with a cut-off of 5 minutes. The values for 

left and right paw were averaged for analysis. 

 

Von Frey filament test – SPF cohort only 

Von Frey filament test was run as previously described27 to assess tactile sensitivity13. 

Mice were placed onto a wire mesh surface elevated within a testing chamber and acclimated to 

the surface for 10 minutes. Von Frey filaments were then applied to the bottom of each hind paw, 

increasing in filament force until a paw withdrawal reflex was observed. Filaments were then 

toggled between the withdrawal-inducing stimulus and one below, to confirm response force. 

 

Barnes maze – 7B cohort only 

Barnes maze was employed to assess spatial learning and memory38. The Barnes maze 

apparatus has an elevated round surface (90cm diameter) with 20 holes evenly spaced around the 

perimeter. One hole was denoted as the “escape” hole, and an escape box was attached below 

the hole. The position of the escape hole was kept consistent within mice, but counterbalanced 

between mice. Spatial cues (black and white geometric shapes printed on 9x11in paper) were 

placed around the maze, and kept consistent throughout training and testing. On day 1 of the 

testing protocol, each mouse was allowed to freely explore the Barnes maze apparatus for 5 

minutes with no white noise under mild light, with no escape box present. Immediately following, 

each mouse was placed under a wire cup in the center of the apparatus, with white noise and 

bright light for 1 minute. Finally, each mouse was gently guided to the escape hole and into the 

escape box, and white noise and bright light were removed, for 1 minute. On days 2-5, each 

mouse was subject to three training trials, with an inter-trial latency of 20-45 minutes. The training 

trials consisted of 15s habituation, where mice were placed under a wire cup in the center of the 

apparatus with bright light and white noise. The cup was then lifted, and mice were given 180s to 

escape into the escape hole, thereby ending the test. If the mouse did not escape by 180s, they 



 

 

224 

 

 

were gently guided into the escape hole. At the end of each trial,  mice were left for 1 minute in the 

escape hole, with no white noise. On day 6, a probe test was run to assess long-term memory. 

Each mouse was subject to one probe trial, consisting of a 15s habituation, and then a 180s 

test without the escape box. Videos were recorded using an overhead camera and analyzed in 

AnyMaze 7.1. For the training trials, latency to find the escape hole and latency to enter the escape 

box were analyzed. For the probe trial, time spent in the escape hole vicinity, and errors, defined 

as non-escape hole vicinities a mouse entered before entering the escape hole vicinity, were 

analyzed. 

 

Pre-pulse inhibition and acoustic startle – SPF cohort only 

Acoustic startle was run to assess sensorimotor gating and anxiety-like behavior12. Mice 

were placed into Plexiglass cylinders (3.2cm internal diameter) mounted onto a sensor platform 

inside a recording chamber. Mice were habituated for 5 minutes with white noise, before being 

subjected to  a presentation of acoustic startle stimuli and pre-pulse stimuli via a high frequency 

speaker 15cm from testing cylinder. Maximal response occurring 100 milliseconds after 

presentation of stimulus was taken as startle amplitude. For acoustic startle, the first 6, middle 

10, and last 6 responses to 120db were averaged to get three trials. For pre-pulse inhibition, each 

trial type (70db, 75db, 80db) were averaged, and then divided by the middle trial of acoustic 

startle. The results were then multiplied by 100 and subtracted from 100 to get the percent 

inhibition produced by that prepulse value. 

 

In vivo bacterial supplementation 

Taxonomic selection for bacterial treatment 

Data from 16S rRNA gene sequencing (Chapter 3) were assessed to identify ASVs that were 

significantly decreased in PR dams compared to CD controls. Each ASV found to be decreased 

in PR dams was then analyzed with a two-way repeated measures ANOVA. All ANOVA results 
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were filtered with a post-hoc two-stage step-up method of Benjamini, Krieger, and Yekutieli, FDR 

= 8%. ASV sequences that showed a significant main effect of condition that survived correction 

were then queried in NCBI BLAST to identify the closest related species. When no species 

matched 100%, a close match was selected based on its presence in the gut microbiome and any 

relation to protein metabolism based on existing literature. Seven species were identified from 

this selection process, with following % matches to original sequences: Lactococcus lactis 

(100%), Sporobacter termitidis (94.8%), Parasuterella excrementihominis (100%), Clostridium 

disporicum (99.2%), Emergencia timonensis (97.6%), Lachnospiraceae bacterium (100%), and 

Lactobacillus johnsonii (98%).   

 

Bacterial culture 

The following strains were obtained from DSMZ collection and propagated as instructed: 

Lachnospiraceae bacterium DSM 111138, Emergencia timonensis DSM 101844, Parasutterella 

excrementihominis DSM 21040, Lactococcus lactis DSM 20481, Lactobacillus johnsonii DSM 

10533, Sporobacter termitidis DSM 10068, Clostridium disporicum DSM 5521. The cultures were 

routinely grown anaerobically in their respective media and temperature (Table A.S1). The grown 

cells were combined to reach to 109 cells/mL. The 16S rRNA gene from colonies of each culture 

was PCR-amplified using 8F (5'-AGAGTTTGATCCTGGCTCAG-3' and 1492R (5'-

GGTTACCTTGTTACGACTT- 3') primers and sent for Sanger sequencing (Laragen). To confirm 

viability and cell counts, the gram-positive bacteria were stained with crystal violet and counted 

under a microscope using a hemocytometer. Gram negative bacteria were counted without a
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stain. Between 8.9X108 to 4.6X109 cells/mL of each bacterium were mixed in equal amounts and 

aliquoted in glycerol and frozen at -80C. On each gavage day, the mixtures were thawed, spun 

down at 12000 x g for 10 minutes, glycerol supernatant was removed, and the bacterial pellet was 

resuspended in sterile PBS under anaerobic conditions. 

 

Bacterial supplementation 

All mice were habituated on PR diet, and bred as described above. Once copulation plugs 

were observed, bacterial mixture (7B) in 200uL sterile PBS was orally gavaged once per day from 

E0.5-E17.5. Control dams were orally gavaged with 200uL sterile PBS as a vehicle control. 7B 

and PBS litters were then used for E18.5 tissue collections, or for postnatal cross-fostering and 

behavioral testing, as described above. 

 

Statistical Methods and Sample Sizes 

Statistical analyses were performed using Prism 9.0 (Graphpad). Assays with two groups 

were assessed for normality and subsequently analyzed by either an unpaired two-tailed t-test 

with Welch’s correction, or by a Mann-Whitney test. Tests on three or more groups were assessed 

by a one-way ANOVA, and when there were two factors, with a two-way ANOVA. Data over time 

were assessed with a repeated measures ANOVA or mixed measures analysis. Tukey or Sidak 

post-hoc tests were used, based on Prism recommendations. All prenatal weight measures and 

postnatal behavioral measures were run using litter as a biological replicate, with all fetuses or 

offspring averaged within each litter. For prenatal weights and maternal metrics, at least 9 litters 

per group were analyzed. For behavioral experiments, 6 litters per group were tested. To assess 

sex differences in the behavioral results, and in adult weights, individual male and female offspring 

were treated as biological replicates. For qPCR, 5 fetal brains each from different litters were run 

per group. For uCT, 4-8 placentas or brains were analyzed per group, with 2-3 averaged per litter. 

For histology, 5-10 placentas or brains were analyzed per group, with 2 slices averaged per tissue. 
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For targeted metabolomics, 6 litters were analyzed, with 1.5-2 fetal brains pooled per litter. Whole 

litters were excluded from all analyses if they had fewer than 4 fetuses or pups (as done 

previously2). For prenatal measures, no viable fetuses within any litters were excluded from 

reported analyses. For behavioral measures, individual offspring were occasionally excluded from 

all tests due to health reasons (i.e. developing malocclusion) or from a specific test or trial due to 

a test-related event (i.e. escaping the testing chamber). These occasions were rare, and not 

associated with a particular group or condition. All data are plotted as mean +/- SEM. Significant 

differences are denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not 

significant. 
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Figure A.1: Gestational protein restriction induces placental and splenic insufficiency but 
not fetal growth restriction at mid-gestation. a, Fetal weight at E14.5 from SPF CD and SPF 
PR dams, all fetuses averaged within each litter (Mann Whitney test, n = 10, 9, from left to right). 
b, Placental weight at E14.5 from SPF CD and SPF PR dams, all fetuses averaged within each 
litter (Mann Whitney test, n = 10, 9, from left to right). c, Maternal weight change, from E0.5 to 
E14.5, in SPF CD and SPF PR dams (unpaired Welch’s t-test, n = 19, 17, from left to right). d, 
Maternal diet eaten, from E0.5 to E14.5 in SPF CD and SPF PR dams (Mann Whitney test, n = 
26, 21, from left to right). e, Maternal spleen weight fraction at E14.5 from SPF CD and SPF PR 
dams (Mann Whitney test, n = 17, 16, from left to right). f, Fetal brain volume measured by uCT 
at E14.5 from SPF CD and SPF PR dams, 2-3 fetuses averaged per litter (unpaired Welch’s t-
test, n = 7, 6 litters from left to right). g, Fetal brain ventricle volume measured by uCT at E14.5 
from SPF CD and SPF PR dams, 2-3 fetuses averaged per litter (Mann Whitney test, n = 7, 6 
litters from left to right). h, Fetal brain to body volume ratio measured by uCT at E14.5 from SPF 
CD and SPF PR dams, 2-3 fetuses averaged per litter (unpaired Welch’s t-test, n = 7, 6 litters 
from left to right). i, Whole fetal volume measured by uCT at E14.5 from SPF CD and SPF PR 
dams, 2-3 fetuses averaged per litter (Mann Whitney test, n = 7, 8 litters from left to right). j, Whole 
fetal surface area measured by uCT at E14.5 from SPF CD and SPF PR dams, 2-3 fetuses 
averaged per litter (unpaired Welch’s t-test, n = 7, 6 litters from left to right). k, Placental labyrinth 
laminin integrated density at E14.5 from SPF CD and SPF PR dams, 2 placentas averaged per 
litter (unpaired Welch’s t-test, n = 10 litters per group). Mean +/- SEM, *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001, n.s. not significant. 
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Figure A.2: Gestational protein restriction and associated rearing does not alter all 
behaviors in adult offspring. a, Time preference ratio in elevated plus maze, all offspring 
averaged within each litter (two-way ANOVA with Sidak, n = 6 litters per group). Top row refers 
to pup condition, bottom row refers to dam condition. b, Time preference ratio in elevated plus 
maze, individual offspring stratified by sex (two-way ANOVA with Sidak for each sex, n = 20, 20, 
19, 18, 18, 25, 15, 14, from left to right). c, Distance preference ratio in elevated plus maze, 
controlled by total distance traveled, all offspring averaged within each litter (two-way ANOVA 
with Sidak, n = 6 litters per group). Top row refers to pup condition, bottom row refers to dam 
condition. d, Distance preference ratio in elevated plus maze, controlled by total distance traveled, 
individual offspring stratified by sex (two-way ANOVA with Sidak for each sex, n = 20, 20, 19, 18, 
18, 25, 15, 14, from left to right). e, Entries preference ratio in elevated plus maze, all offspring 
averaged within each litter (two-way ANOVA with Sidak, n = 6 litters per group). Top row refers 
to pup condition, bottom row refers to dam condition. f, Entries preference ratio in elevated plus 
maze, individual offspring stratified by sex (two-way ANOVA with Sidak for each sex, n = 20, 20, 
19, 18, 18, 25, 15, 14, from left to right). g, Time preference ratio in 3-chamber social preference 
test, all offspring averaged within each litter (two-way ANOVA with Sidak, n = 6 litters per group). 
Top row refers to pup condition, bottom row refers to dam condition. h, Time preference ratio in 
3-chamber social preference test, individual offspring stratified by sex (two-way ANOVA with 
Sidak for each sex, n = 22, 20, 19, 18, 19, 25, 15, 14, from left to right). i, Distance preference 
ratio in 3-chamber social preference test, controlled by total distance traveled, all offspring 
averaged within each litter (two-way ANOVA with Sidak, n = 6 litters per group). Top row refers 
to pup condition, bottom row refers to dam condition. j, Distance preference ratio in 3-chamber 
social preference test, controlled by total distance traveled, individual offspring stratified by sex 
(two-way ANOVA with Sidak for each sex, n = 22, 20, 19, 18, 19, 25, 15, 14, from left to right). k, 
Entries preference ratio in 3-chamber social preference test, all offspring averaged within each 
litter (two-way ANOVA with Sidak, n = 6 litters per group). Top row refers to pup condition, bottom 
row refers to dam condition. l, Entries preference ratio in 3-chamber social preference test, 
individual offspring stratified by sex (two-way ANOVA with Sidak for each sex, n = 22, 20, 19, 18, 
19, 25, 15, 14, from left to right). m, Average startle response in pre-pulse inhibition test, all 
offspring averaged within each litter (three-way repeated-measures ANOVA with Sidak, n = 6 
litters per group). n, Average startle response in pre-pulse inhibition test, individual offspring 
stratified by sex (three-way repeated measures ANOVA with Sidak for each sex, n = 22, 19, 20, 
25, 19, 15, 18, 14, from top to bottom). o, Average startle response in acoustic startle test, all 
offspring averaged within each litter (three-way repeated-measures ANOVA with Sidak, n = 6 
litters per group). p, Average startle response in acoustic startle test, individual offspring stratified 
by sex (three-way repeated measures ANOVA with Sidak for each sex, n = 22, 19, 20, 25, 19, 15, 
18, 14, from top to bottom). q, Latency to contact and removal in adhesive removal test, right and 
left paws averaged, all offspring averaged within each litter (two-way ANOVAs with Sidak (one 
each for contact and removal), n = 6 litters per group). r, Latency to contact and removal in 
adhesive removal test, right and left paws averaged, individual offspring stratified by sex (two-
way ANOVAs with Sidak (one each for contact and removal for each sex), n = 22, 19, 20, 25, 19, 
15, 18, 14, from top to bottom). s, Withdrawal threshold in Von Frey filament test, all offspring 
averaged within each litter (two-way ANOVA with Sidak, n = 6 litters per group). Top row refers 
to pup condition, bottom row refers to dam condition. t, Withdrawal threshold in Von Frey filament 
test, individual offspring stratified by sex (two-way ANOVA with Sidak for each sex, n = 22, 20, 
19, 18, 19, 25, 15, 14, from left to right). Mean +/- SEM, *p < 0.05, n.s. not significant. 
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Figure A.3: Gestational protein restriction does not alter proliferation or microglia in the 
developing hippocampus. a, Representative images of  cells stained for DAPI, Iba1, Ki67, 
Nestin, and merged in the hippocampus. b, Expression of total Nestin integrated density in the 
hippocampus subregions of E18.5 PR and CD mice (two-way repeated measures ANOVA with 
Sidak, n=8 brains per group, 2 slices per brain). c, Expression of Ki67+ cells in the hippocampus 
subregions of E18.5 PR and CD mice (two-way repeated measures ANOVA with Sidak, n=5 
brains per group, 2 slices per brain). d, Expression of Iba1+ cells in the hippocampus subregions 
of E18.5 PR and CD mice (two-way repeated measures ANOVA with Sidak, n=5 brains per group, 
2 slices per brain). e, Expression of Ki67+/Iba1+ cells in the hippocampus subregions of E18.5 
PR and CD mice (two-way repeated measures ANOVA with Sidak, n=5 brains per group, 2 slices 
per brain). f, Expression of Iba1+ per cell in the hippocampus subregions of E18.5 PR and CD 
mice (two-way repeated measures ANOVA with Sidak, n=5 brains per group, 2 slices per brain). 
All plots show mean +/- SEM; n.s. = not significant. All data points are representative of two brain 
slices averaged together.  
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Figure A.4: Gestational protein restriction does not alter proliferation or microglia in the 
developing frontal cortex. a, Representative images of  cells stained for DAPI, Iba1, Ki67, 
Nestin, and merged in the frontal cortex. b, Expression of total Nestin integrated density in the 
frontal cortex subregions of E18.5 PR and CD mice (two-way repeated measures ANOVA with 
Sidak, n=8 brains per group, 2 slices per brain). c, Expression of Ki67+ cells in the frontal cortex 
subregions of E18.5 PR and CD mice (two-way repeated measures ANOVA with Sidak, n=5 
brains per group, 2 slices per brain). d, Expression of Iba1+ cells in the frontal cortex subregions 
of E18.5 PR and CD mice (two-way repeated measures ANOVA with Sidak, n=5 brains per group, 
2 slices per brain). e, Expression of Ki67+/Iba1+ cells in the frontal cortex subregions of E18.5 
PR and CD mice (two-way repeated measures ANOVA with Sidak, n=5 brains per group, 2 slices 
per brain). f, Expression of Iba1+ per cell in the frontal cortex subregions of E18.5 PR and CD 
mice (two-way repeated measures ANOVA with Sidak, n=5 brains per group, 2 slices per brain). 
All plots show mean +/- SEM; n.s. = not significant. All data points are representative of two brain 
slices averaged together.  
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Figure A.5: Gestational protein restriction and maternal microbiota depletion does not 
influence HPA axis related genes in fetal brain. a, Hsd11b1 gene expression fold change at 
E18.5 from fetal brains of SPF CD, SPF PR, ABX CD, ABX PR dams (two-way ANOVA with 
Sidak, n = 5 per group). b, Hsd11b2 gene expression fold change at E18.5 from fetal brains of 
SPF CD, SPF PR, ABX CD, ABX PR dams (two-way ANOVA with Sidak, n = 5 per group). c, 
Hsd11b1/Hsd11b2 gene expression fold change ratio at E18.5 from fetal brains of SPF CD, SPF 
PR, ABX CD, ABX PR dams (two-way ANOVA with Sidak, n = 5 per group). d, Fkbp5 gene 
expression fold change at E18.5 from fetal brains of SPF CD, SPF PR, ABX CD, ABX PR dams 
(two-way ANOVA with Sidak, n = 5 per group). 
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Figure A.6: Gestational protein restriction and maternal microbial depletion decrease 
SERT+ axons in the developing hippocampus. a, Representative images of  cells stained for 
DAPI, NeuN, SERT, and merged in the hippocampus. b, Expression of total NeuN integrated 
density in the hippocampus subregions of E18.5 PR and CD mice (two-way repeated measures 
ANOVA with Tukey, n=4, 5, 5 brains per group, 2 slices per brain). c, Count of visible SERT+ 
axons in the hippocampus subregions of E18.5 PR and CD mice (two-way repeated measures 
ANOVA with Tukey, n=5 brains per group, 2 slices per brain). d, Sum length of visible SERT+ 
axons in the hippocampus subregions of E18.5 PR and CD mice (two-way repeated measures 
ANOVA with Tukey, n=5 brains per group, 2 slices per brain). All plots show mean +/- SEM; *p < 
0.05, **p < 0.01, n.s. not significant. All data points are representative of two brain slices averaged 
together.  
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Figure A.7: Gestational protein restriction and maternal microbial depletion decrease 
SERT+ axons in the developing frontal cortex. a, Representative images of  cells stained for 
DAPI, NeuN, SERT, and merged in the frontal cortex. b, Expression of total NeuN integrated 
density in the frontal cortex subregions of E18.5 PR and CD mice (two-way repeated measures 
ANOVA with Tukey, n=4, 5, 5 brains per group, 2 slices per brain). c, Count of visible SERT+ 
axons in the frontal cortex subregions of E18.5 PR and CD mice (two-way repeated measures 
ANOVA with Tukey, n=5 brains per group, 2 slices per brain). d, Sum length of visible SERT+ 
axons in the frontal cortex subregions of E18.5 PR and CD mice (two-way repeated measures 
ANOVA with Tukey, n=5 brains per group, 2 slices per brain). All plots show mean +/- SEM; #p < 
0.1, *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant. All data points are representative of 
two brain slices averaged together.  
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Figure A.8: Gestational protein restriction influences select short chain fatty acids in fetal 
brain but not maternal serum. a-h, Targeted metabolomic quantification of short chain fatty 
acids (two-way ANOVA with Sidak per tissue type, n = 6 litters per group, 1.5-2 brains pooled 
per litter). All plots show mean +/- SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. 
not significant.  
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Figure A.9: Gestational protein restriction induces splenic and placental insufficiency at 
late-gestation, regardless of microbial interventions. a, Maternal spleen weight fraction at 
E18.5 from SPF CD, SPF PR, ABX CD, ABX PR dams (two-way ANOVA with Sidak, n = 25, 21, 
16, 17, from left to right). b, Maternal spleen weight fraction at E18.5 from SPF PR + Na and SPF 
PR + SCFA dams (Mann Whitney test, n = 9, 11, from left to right). Dotted line indicates average 
value for SPF CD litters. c, Maternal spleen weight fraction at E18.5 from SPF PR + Veh and SPF 
PR + 10M dams (unpaired Welch’s t-test, n = 11, 10, from left to right). Dotted line indicates 
average value for SPF CD litters. d, Maternal spleen weight fraction at E18.5 from SPF PR + PBS 
and SPF PR + 7B dams (Mann Whitney test, n = 10, 14, from left to right). Dotted line indicates 
average value for SPF CD litters. e, Placental weight at E18.5 from SPF CD, SPF PR, ABX CD, 
ABX PR dams, all placentas averaged within each litter (two-way ANOVA with Sidak, n = 28, 21, 
16, 17, from left to right). f, Placental weight at E18.5 from SPF PR + PBS and SPF PR + 7B 
dams, all placentas averaged within each litter (unpaired Welch’s t-test, n = 9, 11, from left to 
right). Dotted line indicates average value for SPF CD litters. g, Placental weight at E18.5 from 
SPF PR + Veh and SPF PR + 10M dams, all placentas averaged within each litter (Mann Whitney 
Welch’s t-test, n = 11, 10, from left to right). Dotted line indicates average value for SPF CD litters. 
h, Placental weight at E18.5 from SPF PR + PBS and SPF PR + 7B dams, all placentas averaged 
within each litter (unpaired Welch’s t-test, n = 10, 14, from left to right). Dotted line indicates 
average value for SPF CD litters. i, Placental volume measured by uCT at E18.5 from SPF CD 
and SPF PR dams, 2 placentas averaged per litter (unpaired Welch’s t-test, n = 8, 4 litters from 
left to right).  j, Placental surface area measured by uCT at E18.5 from SPF CD and SPF PR 
dams, 2 placentas averaged per litter (unpaired Welch’s t-test, n = 8, 4 litters from left to right). 
Mean +/- SEM, *p < 0.05, **p < 0.01, ****p < 0.0001, n.s. not significant.  
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Figure A.10: Maternal 7B supplementation has no effect on gross measures of maternal 
and offspring health. a, Heatmap of genera used to BLAST for candidates for 7B 
supplementation, hierarchical clustering around 0, SD = 1 (n = 5 dams per group at each 
timepoint). b, Graphic of cross-fostering paradigm for 7B experiments. c, Fetal weight at E18.5 
from SPF PR + PBS and SPF PR + 7B dams, all fetuses averaged within each litter (unpaired 
Welch’s t-test, n = 10, 14, from left to right). Dotted line indicates average value for SPF CD 
fetuses. d, Maternal weight change, from E0.5 to E18.5 post-transection, in SPF PR + PBS and 
SPF PR + 7B dams (unpaired Welch’s t-test, n = 10, 14, from left to right). Dotted line indicates 
average value for SPF CD dams. e, Diet eaten, from E0.5 to E18.5 in SPF PR + PBS and SPF 
PR + 7B dams (unpaired Welch’s t-test, n = 10, 14, from left to right). Dotted line indicates average 
value for SPF CD dams. f, Corticosterone measured in serum in SPF PR + PBS and SPF PR + 
7B dams at E18.5 (Mann Whitney test, n = 10, 14 from left to right). Dotted line indicates average 
value for SPF CD dams. g, Litter size, pups per litters, measured at P0, from SPF PR + PBS and 
SPF PR + 7B dams (Mann Whitney test, n = 20, 25, from left to right). Dotted line indicates 
average value for SPF CD litters. h, Litter survival (percentage of total litters), from SPF PR + 
PBS pups > SPF PR + PBS dams and SPF PR + 7B pups > SPF PR + 7B dams (n = 18, 22, from 
left to right). Dotted line indicates average value for SPF CD litters. Top row refers to pup 
condition, bottom row refers to dam condition. i, Pup weights, all offspring averaged within each 
litter (two-way repeated measures ANOVA with Sidak, n = 7, 11 litters per group, from top to 
bottom). Dotted line indicates average value for SPF CD litters. j, Adult weights, male and female 
offspring (two-way ANOVA with Sidak, n = 16, 17, 12, 18, from left to right). Mean +/- SEM, *p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant. 
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Figure A.11: Maternal 7B supplementation does not influence anxiety-like, locomotor, or 
cognitive behavioral measures in adult offspring exposed to gestational protein 
restriction. a, Left: Time in center in open field test, all offspring averaged within each litter 
(unpaired Welch’s t-test, n = 6 litters per group). Top row refers to pup condition, bottom row 
refers to dam condition. Dotted line indicates average value for SPF CD litters. Left-middle: 
Distance in center in open field test, controlled by total distance traveled, all offspring averaged 
within each litter (unpaired Welch’s t-test, n = 6 litters per group). Top row refers to pup condition, 
bottom row refers to dam condition. Dotted line indicates average value for SPF CD litters. Right-
middle: Total distance traveled in open field test, all offspring averaged within each litter (unpaired 
Welch’s t-test, n = 6 litters per group). Top row refers to pup condition, bottom row refers to dam 
condition. Dotted line indicates average value for SPF CD litters. Right: Mean speed in open field 
test, all offspring averaged within each litter (unpaired Welch’s t-test, n = 6 litters per group). Top 
row refers to pup condition, bottom row refers to dam condition. Dotted line indicates average 
value for SPF CD litters. b, Left: Latency to escape in Barnes maze, all offspring averaged within 
each litter (n = 6 litters per group). Dotted line indicates average value for SPF CD litters. Right: 
AUC of latency to escape (unpaired Welch’s t-test). Top row refers to pup condition, bottom row 
refers to dam condition. c, Left: Latency to target zone in Barnes maze, all offspring averaged 
within each litter (n = 6 litters per group). Dotted line indicates average value for SPF CD litters. 
Right: AUC of latency to target zone (unpaired Welch’s t-test). Top row refers to pup condition, 
bottom row refers to dam condition. d, Time in target zone in Barnes maze probe trial, all offspring 
averaged within each litter (unpaired Welch’s t-test, n = 6 litters per group). Dotted line indicates 
average values for SPF CD litters. e, Errors made in Barnes maze probe trial, all offspring 
averaged within each litter (unpaired Welch’s t-test, n = 6 litters per group). Dotted line indicates 
average values for SPF CD litters. Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001, n.s. not significant.  
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Figure A.12: Adult offspring exhibit select sexually dimorphic behavioral alterations in 
response to gestational protein restriction and 7B supplementation. a, Time in center in 
open field test, male and female offspring (unpaired Welch’s t-test for each sex, n = 16, 17, 13, 
17, from left to right). b, Distance in center in open field test, controlled by total distance traveled, 
male and female offspring (unpaired Welch’s t-test for each sex, n = 16, 17, 13, 17, from left to 
right). c, Left: Latency to escape in Barnes maze acquisition phase, male offspring (n = 16, 17). 
Middle: Latency to escape in Barnes maze acquisition phase, female offspring (n = 12, 18). Right: 
AUC of latency to escape (unpaired Welch’s t-test for each sex). d, Left: Latency to target zone 
in Barnes maze acquisition phase, male offspring (n = 16, 17). Middle: Latency to target zone in 
Barnes maze acquisition phase, female offspring (n = 12, 18). Right: AUC of latency to target 
zone (unpaired Welch’s t-test for each sex). e, Time in target zone in Barnes maze probe trial, 
male and female offspring (Mann-Whitney test for each sex, n = 16, 12, 17, 18, from left to right). 
f, Errors in Barnes maze probe trial, male and female offspring (Mann-Whitney test for each sex, 
n = 16, 17, 12, 18, from left to right). Mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001, n.s. not significant. 
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Cultures Culturing conditions 

Lachnospiraceae bacterium DSM 111138 Brain, Heart Infusion medium+ 0.010 
ml/ml Cystein-DTT (DL-Dithiothreitol)-
solution 

Emergencia timonensis DSM 101844 PYG Medoum, anaerobic, 37 °C 

Parasutterella excrementihominis DSM 21040 Chopped meat medium with sterile 
filtered 5% formiate/fumarate, 5% 
sterile bovine solution 

Lactococcus lactis DSM 20481 Corynebacterium medium, anaerobic, 
30 °C 

Lactobacillus johnsonii DSM 10533 Man de Rogosa, anaerobic, 37 °C 

Sporobacter termitidis DSM 10068 Sporobacter medium, anaerobic, 
35°C 

Clostridium disporicum DSM 5521 Chopped Meat Medium with 
Carbohydrates, anaerobic, 37 °C 

 

Table A.S1:  Culture conditions for mixed bacterial supplementation 
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