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The gut microbiota varies in a host of human neurological disorders and in murine models 

is critical to proper neurodevelopment and in neuropathologies. However, current 

mechanistic evidence is lacking for how microbes related to homeostatic and/or 

pathological signaling affect these processes. The incidence of neurological disorders 

without viable treatment options, including epileptic disorders and cognitive impairment, 

is increasing which raises the impetus in searching for novel biological pathways and 

mechanisms by which these disorders may be prevented or treated. The gut microbiota 

has gained attention as a modifier of neurological risk for disorders in development, 

adulthood, and aging. The work described in this thesis isolates molecular mechanisms 

by which the gut microbiota mediates environmental protection or risk in murine models 
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of epileptic episodes, cognitive impairment, and host metabolic dysfunction. Specifically, 

we report that the ketogenic diet, which provides protection against intractable epileptic 

seizures, mediates this effect in mice through the gut microbiota, more specifically 

through modifying gamma-glutamylated amino acids. We characterize cognitive and 

neurophysiological responses in mice mediated by dietary and stressor-induced changes 

in the gut microbiota, which is mediated by microbial changes in host immune pathways. 

Together, our findings provide mechanistic evidence that the host microbiota prevents 

and contributes to murine neurological dysfunction.  
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Overview 
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The focus of my doctoral research has been to study mechanisms of host-microbe 

interactions critical for neurological homeostasis or disease, and this falls under several 

categories of questions: (i) how does the ketogenic diet associated microbiota affect 

murine seizure susceptibility? (ii) how does the microbiota affect cognitive responses to 

ketogenic diet and an environmental stressor? (iii) How do microbiota-immune 

interactions contribute to cognitive impairment? (iv) Do gut microbes associated with 

increased sugar consumption sufficiently impair behavioral performance and host 

metabolism? (v) Are microbes associated with aging-related frailty? In Chapter 1-4, we 

discuss how microbes interact with neurons, associations of the gut microbiota with 

epileptic disorders, how bacteria can modulate neurotransmitters, and how microbes 

interact with both the immune and nervous systems, which serve as primers to 

understand the work in Chapter 5 on how the ketogenic diet-associated microbiota protect 

against murine seizure susceptibility. Chapter 7 focuses on how the gut microbiota 

associated with differing genetic backgrounds contributes to varied metabolic responses 

to high fructose consumption. Following these works, we were interested in furthering our 

understanding of how ketogenic diet associated microbes in the context of environmental 

challenge can affect host cognition, which is discussed in Chapter 6. These findings are 

furthered by Chapter 8 which demonstrates microbes associated with high sugar 

consumption which sufficiently impair behavioral performance. In the Appendices are 

preliminary findings relevant to this doctoral work. Appendix 1 focuses on STENSL, a 

microbial source tracking methodology, and Appendix 2 focuses on how the microbiota 

affects aging-related frailty.  
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This study began with a focus on the ketogenic diet (KD), a high fat, low 

carbohydrate diet that has been well-validated to be protective in drug resistant epilepsy 

disorders. Our laboratory demonstrated that in specific pathogen free mice (SPF), KD-

mediated seizure protection is lost with antibiotic-induced microbiome depletion (Abx) or 

in mice that are raised germ free using the 6-Hz psychomotor seizure assay, which is a 

well-validated test for intractable seizures. These findings demonstrate that the gut 

microbiota is required for KD seizure protection. Additionally, we had shown that 

gastrointestinal colonization of Abx mice with microbial taxa enriching on the KD 

(Akkermansia muciniphila and Parabacteroides spp., AkkPb KD) was sufficient for 

restoration of KD seizure protection. Seizure was only noted with AkkPb colonized 

together, as Akk or Pb colonization alone had no significant effect on seizure protection. 

We asked whether probiotic treatment of AkkPb in mice fed the control diet (CD SPF) 

could confer seizure protection and found that after 28 consecutive days of AkkPb 

administration, seizure protection significantly increased. Protection was not conferred to 

mice treated with Akk alone, and seizure protection decreased when mice were treated 

with heatkilled AkkPb (hk-AkkPb). I focused on dissecting which host metabolomic 

changes imparted by the gut microbiota mediate KD seizure protection. To answer this 

question, we first compared colon content and serum metabolomes for CD SPF KD SPF, 

Abx KD, and AkkPb KD mice, and identified that both ketogenic γ-glutamylated amino 

acids and unmodified ketogenic amino acids generally decreased in the seizure protected 

groups (KD SPF and AkkPb KD) relative to the unprotected groups (CD SPF and Abx 

KD). We next hypothesized that decreased γ-glutamylation in unprotected mice would 

produce an antiseizure effect. The enzyme γ-glutamyl transpeptidase (GGT) is 
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ubiquitously expressed across every kingdom and transfers γ-glutamyl groups from 

glutathione to amino acids. GGT activity is specifically inhibited by GGsTop, and after oral 

gavage with GGsTop in CD SPF mice, seizure protection significantly increased. We also 

demonstrated that injection of ketogenic amino acids in AkkPb KD mice reduced seizure 

protection. We concluded that reductions in ketogenic γ-glutamylated amino acids is 

sufficient for seizure protection and next aimed to identify how the KD-associated gut 

microbiota modulates γ-glutamylation and how this process affects the brain. To address 

whether the CD SPF microbiota directly modulates γ-glutamylation, we performed a GGT 

activity assay on CD SPF fecal samples and found significantly increased GGT activity 

compared to KD SPF samples. We were interested to find that AkkPb colonization in mice 

fed KD further reduced GGT activity, which indicated that AkkPb may have a direct 

modulatory effect on GGT enzymatic activity.  After performing the same activity assay 

on samples from the probiotic study, we also found that GGT activity was reduced in fecal 

samples for CD SPF mice after 28 days of AkkPb treatment. To isolate whether KD-

associated microbes directly affect GGT activity, we firstly performed in vitro growth 

assays with Akkermansia and/or Parabacteroides merdae in either CD or KD-based 

media. We determined that while Akkermansia growth rates are not directly affected by 

Parabacteroides merdae, Parabacteroides merdae growth significantly increased with 

Akkermansia presence. We performed GGT activity assays and found that 

Parabacteroides merdae has GGT activity that is abolished with the presence of 

Akkermansia in both CD and KD. These findings led us to conclude that KD-associated 

microbes and the KD itself modulate GGT activity, which is one mechanism for seizure 

protection. To better understand how the central nervous system is affected by the gut 
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microbiota, we performed metabolomics on CD SPF, KD SPF, KD Abx, and Abx-AkkPb 

KD mice in the hippocampus, an important seizure gate. We identified that γ-aminobutyric 

acid (GABA), the primary inhibitory neurotransmitter, increased relative to proportions of 

glutamate, the primary excitatory neurotransmitter for the seizure protected groups (KD 

SPF and Abx-AkkPb KD). We hypothesize that decreased γ-glutamylation enhances the 

proportion of GABA to glutamate and that this process is directly cause by the gut 

microbiota. In the future, targeted microbiota-based therapies could serve as a novel 

therapeutic against neurological diseases, including intractable epilepsies.  

 Impaired cognition is one side-effect of intractable pediatric epilepsies, which has 

demonstrated some improvement with dietary KD administration. These findings led to 

researchers’ increased interest in the KD as a therapeutic for a broad host of neurological 

disorders, including Alzheimer’s disease and Parkinson’s disease, however the data is 

mixed in early clinical trials. These findings led us to next consider how the KD-associated 

microbiota affects cognition in the context of an environmental stressor.  

Cognitive impairment, defined by reduced attention, diminished learning and 

memory, and impaired reasoning, is a common and pressing public health concern, 

afflicting 16 million Americans and increasing globally (CDC 2011). Aging constitutes the 

greatest risk factor for cognitive impairment, and the American aging population is 

expected to increase to 88.5 million people by 2050. There is a pressing public health 

need to identify clinically tractable targets for prevention and/or treatment of cognitive 

impairment arising from both the lack of current treatment options and the rising aging 

population. Environmental factors including hypoxic insult and dietary consumption 

contribute to cognitive impairment probability, but precise mechanisms for how 
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environmental factors interact with impairment risk remains poorly understood. The gut 

microbiota mediates environmental contributions to host health and disease and causally 

modulates cognitive behavior in the novel object recognition, Barnes maze, and Morris 

water maze tasks. Together, this evidence warrants investigation into whether the gut 

microbiota modulates cognition during adulthood and aging. Our data support our central 

hypothesis that the gut microbiota is important for mediating detrimental effects of hypoxia 

(Hyp) murine hippocampal-dependent cognitive performance under ketogenic diet (KD) 

consumption. Given the similarities between molecular mechanisms for Hyp-induced and 

aging-induced cognitive impairment, we further hypothesize that select microbes modify 

aging-induced cognitive deficits. Our rationale is that identification of gut microbes 

contributing to cognition through changes in hippocampal and/or vagal nerve signaling 

pathways will offer new therapeutic opportunities for aging-induced cognitive impairment. 

We tested the hypothesis that specific microbial taxa mediate effects of the ketogenic diet 

(KD) and hypoxia (Hyp) on cognitive behavior and test whether treatment with select 

microbes modifies cognitive deficits; determine roles for the gut microbiota in modulating 

hippocampal activity relevant to cognitive behavior; assess the contribution of immune 

cell signaling to microbiota-dependent modulation of cognitive behavior. Upon 

conclusion, we hope this work contributes to better understanding of how the gut 

microbiota modulates cognitive behavioral outcomes.  

Future studies will analyze the role microbiota-gut-brain circuits play in microbial 

modulation of host cognition and focus on identifying precise microbial molecules 

responsible for cognitive behavioral changes. 
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Summary  

 Host-associated microbiomes are emerging as important modifiers of brain activity 

and behavior. Metabolic, immune and neuronal pathways are proposed to mediate 

communication across the so-called microbiota-gut-brain axis. However, strong 

mechanistic evidence, especially for direct signaling between microbes and sensory 

neurons, is lacking. Here, we discuss microbial regulation of short-chain fatty acids, 

neurotransmitters, as yet uncharacterized biochemicals, and derivatives of 

neuromodulatory drugs as important areas for assessing microbial interactions with the 

nervous system.  

 
 
 
 
 
 
 

Introduction 

We have co-evolved with trillions of indigenous microorganisms that comprise the 

human microbiota. Over the past decade, the notion that the microbiome is a key regulator 

of host physiology and behavior has skyrocketed with the advancement of multi’omics 

technologies, gnotobiotic tools, intersectional genetics, and live imaging. Early studies 

linking alterations in the gut microbiome with neurobehavioral phenotypes launched the 

concept of a microbiota-gut-brain axis, whereby intestinal microbes influence brain and 

behavior through immune, neuronal, and metabolic pathways. In particular, emerging 

evidence suggests that select members of the microbiota have the ability to synthesize 

and/or regulate various neurochemicals known to modulate neurotransmission, as well 

as a vast milieu of other metabolites that may directly or indirectly impact neuronal activity. 
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As such, the role of mutualistic microbes in regulating sensory neuronal communication 

along the gut-brain axis is of active scientific interest. Microbial modulation of dietary 

molecules, neurotransmitters, as yet uncharacterized metabolites, and neurological drugs 

represent major areas for research, toward uncovering mechanisms for microbial 

modulation of neuronal activity (Figure 1).  

 
Microbial Regulation of Short-Chain Fatty Acids  

Early studies on feeding behavior, led by such pioneers as Claude Bernard and 

Ivan Pavlov, laid the foundation for the concept of a brain gut axis through dietary 

modulation (Leulier et al., 2017). With the advent of germ-free rodent models in the 1920s 

(Gustafsson, 1946), gut microbes were identified as important mediators of dietary 

metabolism and host nutrition. Germ-free animals exhibited substantially deficient levels 

of the short-chain fatty acids (SCFAs) butyrate, propionate, acetate and valerate in the 

intestine and blood, indicating a crucial role for the microbiota in regulating local and 

systemic SCFA bioavailability in the host (Hoverstad and Midtvedt, 1986). Continued 

research in this area has uncovered molecular mechanisms underlying microbial 

production of SCFAs through their fermentation of complex polysaccharides, propelled 

by the discovery and characterization of polysaccharide utilization loci present in 

Bacteroidetes (Bjursell et al., 2006). 

A wealth of evidence has further demonstrated that alterations in the microbiota 

and SCFAs are associated with conditions in which food intake behaviors are 

dysregulated (Byrne et al., 2015). In particular, alterations in the gut microbiota are seen 

in obese mice and humans, which correlate with alterations in the levels of acetate and 

butyrate (Ridaura et al., 2013; Turnbaugh et al., 2006). Propionate administration to 
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patients with obesity enhanced gut hormone secretion while reducing adiposity and 

overall weight gain (Chambers et al., 2015). While some of the animal studies highlight 

microbial regulation of appetite as a basis for the observed differences in weight gain, 

exactly how microbial regulation of SCFAs impacts host feeding behaviors remains 

unclear. The SCFA receptors free fatty acid receptors 2 and 3 (FFAR2, FFAR3) are 

expressed in the enteric nervous system, the portal nerve, as well as various sensory 

ganglia (De Vadder et al., 2014; Egerod et al., 2018), suggesting a role for activation of 

the nervous system in mediating these effects. Consistent with this, propionate feeding 

induces fos expression in the dorsal vagal complex of the brainstem, the hypothalamus, 

as well as in the spinal cord (De Vadder et al., 2014), raising the question of whether 

SCFA-induced stimulation of peripheral sensory neuronal activity could mediate the 

effects of SCFAs on host feeding behavior.  

As the list of host behaviors that are modified by the gut microbiome continues to 

grow (Vuong et al., 2017), a key open question is the extent to which microbial regulation 

of molecules relating broadly to nutrition underlie reported effects of the microbiome on 

complex host behaviors, spanning homeostatic feeding, social, stress-related and 

cognitive domains. SCFAs are fundamental molecules involved in regulating energy 

homeostasis, and SCFA receptors are expressed by a wide variety of non-neuronal cell 

subtypes as well. In immune cells, for example, SCFAs can regulate T regulatory cell 

differentiation (Arpaia et al., 2013; Furusawa et al., 2013; Smith et al., 2013) and 

microglial maturation (Erny et al., 2017), whereas in enteroendocrine cells, SCFAs can 

stimulate the release of gut hormones (Larraufie et al., 2018).  In addition to promoting 

SCFAs, the gut microbiota is integral to secondary metabolism of bile acids, another class 
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of diet-related metabolites for which cognate receptors are expressed by various cell 

types, including subsets of sensory neurons, to regulate diverse host phenotypes 

(Mertens et al., 2017). In light of their pleiotropic effects, studies that dissect the precise 

signaling pathways by which SCFAs and bile acids alter host behaviors are warranted. 

Efforts to determine the functional roles of specific neuronal pathways in SCFA and bile 

acid signaling would be particularly illuminating toward uncovering roles for the microbiota 

in regulating neuronal activity via dietary metabolism. 

 
Microbial Regulation of Neurochemicals 

 While the gut microbiota may affect host behavior through the regulation of dietary 

metabolites, like SCFAs and bile acids, emerging research indicates that select gut 

microbes also regulate levels of host neurotransmitters. The finding that microbes can 

directly synthesize neurotransmitters is rooted in the first discovery of chemical 

transmitters by Sir Henry Dale in the early 1900s (Valenstein, 2002). In studying ergot on 

wheat rye, he discovered the transmitter acetylcholine over a decade before it was 

extracted from mammalian tissue. Together with George Barger, Dale found that 

acetylcholine mimicked the effects of parasympathetic nerve stimulation, suggesting 

chemically-mediated neurotransmission. It was realized later that the acetylcholine itself 

was likely derived from Bacillus contaminants in the ergot, rather than from the ergot itself. 

Since this landmark discovery, additional neurotransmitters, including norepinephrine 

(NE), serotonin (5-HT), γ-aminobutyric acid (GABA) and dopamine (DA) have been found 

to be produced by bacteria in culture and to be regulated by the microbiota in animals 

(Strandwitz, 2018). Despite these tantalizing associations, all kingdoms of life produce 

the amino acid derivatives that form common “neurotransmitters”, raising the questions: 
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what are the functional roles of neurotransmitters in microbes, and can host-associated 

microbes impact the nervous system through neurotransmitter modulation?  

 As yet, only a few studies have examined the effects of canonical 

neurotransmitters on bacterial physiology. One relatively early series of studies revealed 

that the catecholamines NE and epinephrine exhibit structural similarity to the quorum 

sensing molecule autoinducer-3, and therefore each stimulates enterohemorrhagic E. coli 

motility and virulence (Clarke et al., 2006). Researchers hypothesize that this direct effect 

of NE and epinephrine on bacterial pathogenesis may contribute to the ability of stress to 

increase susceptibility to infection. More recently, a study utilizing in vitro co-culture 

screens and metagenomic datasets revealed GABA-producing vs. GABA-consuming 

bacteria from the human gut microbiota (Strandwitz et al., 2019). In particular, GABA 

synthesized by Bacteroides fragilis supported the growth of KLE1738, suggesting that 

select neurotransmitters may serve as growth substrates for bacteria. A separate study 

found that 5-HT promotes intestinal colonization of the bacterium Turicibacter sanguinis, 

similarly suggesting a role for a neurotransmitter in promoting microbial fitness (Fung et 

al., 2019). Beyond these initial findings, little is known regarding the extent of 

neurotransmitter modulation across various members of the gut microbiota, the specific 

microbial genes and gene products used for their synthesis and catabolism, and the 

molecular pathways underlying microbial sensing and response to neurotransmitters. 

Integrated microbiological, biochemical and bioinformatic approaches are needed to 

support in silico predictions informed by multi’omic datasets, in vitro determination of 

microbial gene and protein function and in vivo investigation of microbial community 

responses. Identifying the molecular underpinnings for microbial synthesis, 
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transformation and physiological response to neurotransmitters would further enable 

mechanistic interrogation of the potential consequences of microbiota-dependent 

neurotransmitter modulation on host physiology.  

 Despite evidence that select host-associated bacteria regulate neurotransmitter 

levels locally in the intestine, and in some cases, systemically in the blood or distantly in 

the brain itself, whether microbial modulation of neurotransmitters actually influences 

neuronal activity and behavior remains poorly understood. In mice, the gut microbiota is 

responsible for promoting the biosynthesis of up to 60% of colonic and blood 5-HT levels 

by enterochromaffin cells (ECs) in the intestinal epithelium (Yano et al., 2015). In the 

intestine, microbially-modulated 5-HT activates intrinsic afferent primary neurons of the 

myenteric plexus to promote gastrointestinal motility, but whether extrinsic intestinally-

innervating nerves are also affected remains unknown. Separate studies suggest that 

subsets of ECs may synapse with 5-HT-receptive afferent fibers of chemosensory vagal 

or dorsal root neurons (Bellono et al., 2017; Bohórquez et al., 2015), suggesting a direct 

path for microbial regulation of local 5-HT to impact the central nervous system. While 

evidence for microbiome-gut-sensory neuronal signaling is currently lacking, a growing 

number of studies reporting effects of the microbiome on host behavior have applied 

subdiaphragmatic vagotomy to demonstrate that severely impaired vagal signaling 

abrogates microbial effects on behavior (Bravo et al., 2011; Sgritta et al., 2019). Additional 

studies that circumvent the confounds of vagotomy and that carefully examine functional 

neuronal responses to microbially modulated neurochemicals are needed to evaluate the 

potential for microbes to directly affect neural activity. These efforts would be aided 

greatly by the development of synthetic biological tools to identify, regulate and 
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manipulate microbial genes for neurochemical modulation, coupled with host gnotobiotic 

and intersectional genetic tools for selective microbial colonization and targeted 

neurophysiological assessments. In addition to evaluating sensory neuronal pathways, 

efforts to examine the humoral transport of microbially-modulated neurochemicals or their 

precursors are warranted. Consistent with this possibility, heavy isotope-labeled acetate 

in the colon enters the bloodstream, crosses the blood-brain barrier, elevates 

hypothalamic acetate, and feeds into GABA neuroglial cycling to increase central GABA 

production (Frost et al., 2014). Novel tools to selectively label target neuromodulators that 

are produced or regulated by the microbiota, along with technologies for spatiotemporal 

tracking in animals, would help enable efforts to evaluate the ability of the microbiota to 

impact distant sites in the central nervous system.  

 
Uncharacterized Microbial Products and the Nervous System 
 

Aside from SCFAs, bile acids and neurotransmitters, there are likely many 

additional microbiota-dependent biochemicals that have the potential to interact with 

neurons. The human microbiota regulates a vast repertoire of metabolites not only in the 

intestinal lumen, but also in the circulating blood and various organ systems of the host. 

However, the identity, cognate receptors, signaling pathways and physiological functions 

of many microbially modulated metabolites remain poorly understood (Milshteyn et al., 

2018). Recent functional metagenomics studies have begun to reveal the scope of 

bacterial genes for metabolite synthesis and signaling to the host. By screening cosmid 

metagenomic libraries, researchers identified host-associated bacterial effector genes, 

which upon bioassaying the gene products, resulted in the discovery of commendamide, 

an N-acyl amide capable of activating the host G-protein coupled receptor (GPCR/GPR) 
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G2A (Cohen et al., 2015). Continuing their work on N-acyl amides, the researchers also 

demonstrated that bacterially produced N-acyl serinol activated the endocannabinoid 

receptor GPR119A (Cohen et al., 2017). These studies illustrate that functional 

metagenomics can be a powerful tool, not only to discover novel bacterial metabolites, 

but also to reveal how bacterial metabolites can affect host physiology through mimicking 

endogenous GPCR ligands.  

Recent studies have begun to identify GPCRs and orphan receptors that are 

activated by bacterial metabolites in vitro. In a screen of supernatants from individually-

cultured bacteria from the human gut microbiota, receptors for DA, histamine, and 5-HT 

were highly responsive to soluble bacterial products. Among many additional candidates, 

bacterially-derived phenethylamine and tyramine activated DA receptors while bacterial 

production of histamine itself activated histamine receptors (Chen et al., 2019). In addition 

to these, as yet unidentified bacterial products activated a wide range of other 

neuropeptide and hormone receptors, classically known to be expressed in the nervous 

system. In another study, fractionated supernatants from a simplified human microbiome 

consortium were similarly found to robustly activate neurotransmitter GPCRs. In addition 

to histamine itself, bacterially produced cadaverine, putrescine, and agmatine also 

activated histamine receptors (Colosimo et al., 2019). Bacterial supernatants containing 

9,10-methylenehexadecanoic acid activated brain angiogenesis factor 1, while 12-

methyltetradecanoic acid activated neuromedin receptor 1. Overall, these studies provide 

proof-of-concept that select microbial products could activate GPCRs known to be 

expressed by neurons.  
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Further research is required to identify specific microbial metabolites that are 

capable of signaling to neurons and to determine whether they are bioavailable to the 

host when produced by microbes within complex host-associated communities. While 

existing studies demonstrate the potential for bacteria to activate select GPCRs, the 

authentic identities of the bacterial molecules that affect individual receptors remain 

largely unknown. Additionally, our knowledge as yet relies primarily on bacteria grown in 

culture, alone or in limited communities, raising the question of whether there are 

additional molecules left unassayed from microbes that were not cultured and whether 

the data captures physiologically-relevant outputs of complex microbial community 

interactions. Culture-independent approaches to screen metabolites directly from host 

biospecimens would greatly aid in this regard. Beyond bacteria from the microbiome, the 

roles for the mycobiome and virome in altering neuronal activity remain understudied. 

While sensory nerve fibers in the skin directly sense infectious Candida albicans (Kashem 

et al., 2015), whether non-pathogenic members of the mycobiome influence neuronal 

activity is poorly understood. Moreover, bacteriophages alter levels of the 

neurotransmitters tryptamine and tyramine in the gut (Hsu et al., 2019), but whether these 

alterations ultimately impact neuronal activity is unclear. These studies highlight a need 

for novel tools to selectively modulate non-bacterial members of the microbiome in order 

to fully understand the complex role of the entire microbiome in modulating the host 

nervous system.  

While initial evidence suggests that microbes are capable of synthesizing 

molecules that could directly bind to neuron-relevant GPCRs in vitro, additional research 

is needed to determine whether they bind neuronal GPCRs in host tissues and to further 
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evaluate the physiological consequences of their signaling. Accordingly, greater attention 

to spatial variations in metabolite production and receptor activation in vivo is warranted. 

Microbial communities exhibit distinct spatial structures, or “microbiogeographies”, along 

and across the gastrointestinal tract (Donaldson et al., 2016). In addition, recent single-

cell RNA sequencing studies suggest that there is cellular, and potentially spatial, 

heterogeneity in the receptor profiles of intestinally-innervating dorsal root and vagal 

neurons (Hockley et al., 2019; Kupari et al., 2019). Advances in technologies for high 

throughput in situ microbial imaging, metabolite profiling, and GPCR mapping would help 

to establish the physiological landscape of the intestine to inform functional microbiome-

nervous system interactions.  

 
Microbial Interactions with Drugs for Neurological Disease 

The finding that select microbes can synthesize, modulate, sense and/or respond 

to neurochemicals raises the question of whether they would additionally interact with 

medical drugs that modulate neurotransmission. The gut microbiota encodes a diverse 

array of enzymes capable of metabolizing pharmacological agents, thus potentially 

influencing their bioavailability to the host and contributing to the wide range of intra-

patient variability in drug efficacy. Early work describing how the process of 

glucuronidation promotes drug clearance, coupled with the identification of bacterial beta-

glucuronidases from gut microbes, have set the foundation for pioneering studies on 

microbiomes as modulators of xenobiotic metabolism (Wallace et al., 2010). Since then, 

xenobiotic metabolism by the microbiome has been extended to numerous drugs 

targeting neurological indications. In sequencing studies of the human microbiota and 

culture-based screens of bacterial interactions with common medications, many 
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antipsychotics, antidepressants, opioids and anticholinergic drugs greatly affected 

bacterial physiology and correlated with alterations in the composition of the gut 

microbiota (Jackson et al., 2018; Maier et al., 2018; Zimmermann et al., 2019a). While 

the distinct contribution of the microbiota to the metabolism of drugs can be difficult to 

quantify alongside host-derived enzymes carrying out the same metabolic functions, a 

recent study utilized gnotobiotic, pharmacological and bacterial genetic approaches to 

disentangle microbial vs. host xenobiotic transformations. By comparing the metabolism 

of the antiviral drug brivudine in multiple tissues of germ-free mice that vary in a single 

microbiome-encoded enzyme, researchers were able to generate a pharmacokinetic 

model to predict the contribution of the microbiota to features of drug metabolism, 

including oral bioavailability, host drug-metabolizing activity, metabolite absorption, and 

intestinal transit (Zimmermann et al., 2019b). This modeling approach was further applied 

to dissect microbiota contributions to the metabolism of the antiviral drug sorivudine and 

the benzodiazepine clonazepam (Zimmermann et al., 2019b).   

Separate studies have utilized biochemical and metagenomic approaches to 

identify particular bacterial species and novel bacterial enzymes that modulate the 

metabolism of drugs, including those for neurodegenerative diseases. The mainstay 

treatment for Parkinson’s disease, levodopa (L-dopa), is a natural precursor of DA that, 

when administered peripherally, is able to cross the blood-brain barrier for local 

conversion to DA in the brain. However, the gastrointestinal tract is a site of extensive 

metabolism of the drug, leading to reduced bioavailability and unwanted side effects 

caused by elevations in peripheral DA. Informed by mechanisms for host metabolism of 

DA, a recent study identified a novel interspecies pathway for microbial metabolism of L-
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dopa, whereby Enterococcus faecalis decarboxylates L-dopa to DA, which is 

subsequently dehydroxylated by Eggerthella lenta to m-tyramine (Maini Rekdal et al., 

2019). Remarkably, the presence of a single nucleotide polymorphism in the bacterial 

gene encoding dopamine dehydroxylase was predictive of the capacity for certain 

patients to metabolize the drug. As such, the field has begun to appreciate the microbiota 

as a potential therapeutic target not only to aid in drug efficacy for the treatment of 

neurological disorders, but also as a means for developing additional personalized 

medical treatments.  

Despite these exciting advancements toward our understanding of the molecular 

mechanisms behind the microbial metabolism of neuromodulatory drugs, a gap remains 

in our understanding of the relevance of these findings to the clinic. Few, if any, studies 

to date have rigorously assessed the symptomatic outcomes resulting from altering 

microbial metabolism of drugs for neurological disorders. As a result, it remains unclear 

whether or not these mechanisms are ultimately impactful for clinically-relevant outcomes 

in the host. Experiments utilizing genetically-tractable bacterial species alongside 

gnotobiotic tools in animal models of disease are needed to assess the role of microbe-

specific functions on drug bioavailability and neurobehavioral outcomes. Advancements 

such as these are paramount for our ability to better understand roles for the microbiome 

in regulating inter-patient variability in responsiveness to drugs for neurological 

conditions, and to assess the potential to inform tractable strategies for clinical 

intervention. 

 
Conclusion  
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A growing body of evidence indicates that disruptions in host-associated 

microbiomes can modify animal behavior and further supports the notion of signaling 

across a microbiota-gut-brain axis. To date, several studies highlight sensory neuronal 

signaling, humoral metabolic communication, and immunomodulation as likely direct and 

indirect pathways that mediate microbiota-nervous system interactions, but studies that 

clearly evaluate and dissect these signaling mechanisms are lacking. Recent advances 

in sequencing, viral targeting, intersectional genetic and imaging tools, combined with 

gnotobiotic and bacterial genetic systems, can improve or provide new insight of the 

molecular and cellular mechanisms underlying microbiota-gut-brain communication and 

the nuances that arise from the coordinated signaling of heterogeneous cell types in 

response to pleiotropic microbial cues. In particular, studies profiling sensory neurons and 

intestinal epithelial cells have uncovered the possibility for both direct and indirect 

activation of sensory neurons by microbiota-dependent dietary products, 

neurotransmitters and as yet uncharacterized metabolites either through binding of 

receptors on afferent fibers themselves or via signaling to enteroendocrine cells in the gut 

epithelium. However, experiments employing the use of conditional receptor knockouts 

in specific neuronal or epithelial subpopulations and gain or loss-of-function constructs in 

bacteria may aid in identifying pathway-specific effects of microbial signals in regulating 

host brain function and behavior. Additionally, few studies to date have employed the use 

of in vivo electrophysiological- and genetically-encoded calcium indicator-based tools in 

order to directly assess the functional role of microbial-metabolite effects on neuronal 

activity. Understanding the distinct circuitry and functional signatures involved in 

mediating neuronal communication along the gut-brain axis is imperative for our 
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understanding of how the gut microbiota modifies host physiology. While such studies 

can be performed in animal models, an added challenge is in assessing the relevance of 

findings to human health outcomes. Interrogating whether microbes from the human 

microbiota interact with neuromodulatory drugs, and whether such interactions have 

measurable consequences on drug efficacy and clinical outcomes, may serve a tractable 

context. Overall, the future offers the exciting prospect of uncovering fundamental 

principles for how microbes and microbial products are detected and interpreted by host 

sensory systems, toward understanding the co-evolution of animals with their associated 

microbiomes.      

 

Figure and Figure Legend 
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Figure 1: Microbial interactions with the nervous system through the regulation of 

dietary products, neurotransmitters, uncharacterized biochemicals, and 
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neuromodulatory drugs. A. Select bacteria from the gut microbiota produce short chain 

fatty acids (SCFAs) and modify bile acids through dietary metabolism. Metabolites from 

the microbiota can signal directly to mucosal afferent fibers of sensory neurons (left) or 

can signal to neurons via intermediate interactions with enteroendocrine or epithelial cells 

(right). B. Select bacteria from the gut microbiota can directly synthesize, consume or 

sense neurotransmitters, such as serotonin (5-HT), dopamine (DA), gamma-aminobutyric 

acid (GABA) and norepinephrine (NE) (center) or regulate host biosynthesis of 

neurotransmitters, like serotonin (5-HT) (center left). Microbially modulated 

neurotransmitters have the potential to interact with sensory neurons (left) or be circulated 

humorally (right) to reach the blood-brain barrier. C. The physiological landscape for 

microbial interactions with the nervous system is complex. Emerging evidence suggests 

that microbial communities are spatially structured (bottom), which yields 

“microbiogeographies” that vary in physiological function. In addition, the microbiome 

regulates various metabolites in the host, many of which remain uncharacterized (center). 

Further complexity is introduced when considering the heterogeneity of host cell types 

within the intestine, spanning various types of epithelial, endocrine, immune, and 

neuronal cells that are also spatially distributed and can vary temporally in their 

localization via turnover and remodeling. Spatial maps of signaling receptors, especially 

those available for mediating neural communication across intestinal cell types, will help 

inform functional pathways for microbe-host interactions. D. The microbiome is 

increasingly appreciated as an important modulator of xenobiotic metabolism, particularly 

for neuromodulatory drugs, including antipsychotics, anticholinergics, antidepressants 

and opioids. Microbial transformation of drugs for neurological conditions could alter their 
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absorption, distribution, metabolism and/or excretion in the host with potential 

downstream consequences on host neural activity and symptoms of neurological 

disease.  
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Abstract  

The gut microbiome is emerging as a key regulator of brain function and behavior and is 

associated with symptoms of several neurological disorders. There is emerging evidence 

that alterations in the gut microbiota are seen in epilepsy and in response to seizure 

interventions. In this review, we highlight recent studies reporting that individuals with 

refractory epilepsy exhibit altered composition of the gut microbiota. We further discuss 

antibiotic treatment and infection as microbiome-related factors that influence seizure 

susceptibility in humans and animal models. In addition, we evaluate how the microbiome 

may mediate effects of the ketogenic diet, probiotic treatment, and anti-epileptic drugs on 

reducing both seizure frequency and severity. Finally, we assess the open questions in 

interrogating roles for the microbiome in epilepsy and address the prospect that continued 

research may uncover fundamental insights for understanding risk factors for epilepsy, 

as well as novel approaches for treating refractory epilepsy. 

 
 
 

 

 

 

 

Introduction  

Epilepsy is a chronic neurological disorder affecting more than 50 million people 

worldwide and accounting for 0.6% of the global economic disease burden (WHO, 2016). 

It is defined as a brain pathology “characterized by an enduring predisposition to generate 

seizures” (Fisher, 2014). An estimated 2.4 million patients are diagnosed with epilepsy 
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every year. These diagnoses include various subtypes of seizures, such as focal, 

generalized, combined generalized and focal, or unknown, which indicate their 

localization to specific brain regions or generalization across both cerebral hemispheres 

(Scheffer, 2017). Seizures occur when excitation and inhibition are imbalanced in the 

brain, which can be triggered by pathologies affecting synaptic connectivity, ionic channel 

function, and neurotransmitter reception, among several other pathways (Stafstrom, 

2015). Additionally, seizures can occur after cerebral insult or damage, as in the case of 

febrile seizures, traumatic brain injury, or stroke (Herman, 2002).  

While the WHO estimates that 70% of epileptic patients could be seizure-free with 

appropriate medication, in developing regions, less than half of the epileptic patient 

population has access to anti-epileptic drugs. Additionally, an estimated 15 million 

patients exhibit refractory epilepsy, based on their non-responsiveness to existing anti-

epileptic drugs. Both genetic and environmental factors contribute to individual 

predisposition to epilepsy, but the exact causes of most epilepsy cases remain unclear.  It 

is estimated that 35% of epilepsy cases can be directly attributed to genetic risk, while 

the remaining cases may involve both genetic risk and environmental exposures, such as 

head trauma or infections that lead to meningitis or encephalitis (Shorvon, 2014). Exactly 

how environmental factors contribute to long-term susceptibility to epilepsy remains 

unclear. The gut microbiota, comprising trillions of microorganisms indigenous to the 

gastrointestinal tract, is increasingly recognized as an important mediator of 

environmental risk factors on host risk for disease. The composition and function of the 

gut microbiota is shaped by environmental factors, such as diet, stress and medication, 

and also informed by human genetics. The microbiota plays a critical role in guiding brain 
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development and neurobehavior in animal models (Vuong et al., 2017). Of particular 

relevance to epilepsy, the gut microbiota significantly alters carbohydrate and amino acid 

metabolism, microglial and astrocytic function, vagal neuronal activity, and hippocampal 

neurotransmitter levels (Fung, 2017 #395). In this review, we discuss current evidence 

for microbiome alterations in epilepsy and potential roles for the microbiome in mediating 

risk for epilepsy and the effects of seizure interventions.   

 

Alterations of the Gut Microbiota in Human Epilepsy 

Alterations in the gut microbiome have been reported across several 

neurodevelopmental, neuropsychiatric and neurodegenerative disorders, but very little is 

known regarding microbiome associations with human epilepsy. Only a few recent studies 

have highlighted differences in fecal microbiota profiles from select epileptic individuals 

as compared to healthy controls (Table 1) (Lindefeldt et al., 2019; Peng et al., 2018; Xie 

et al., 2017). In a cohort of 42 individuals with refractory epilepsy, 49 with drug-sensitive 

epilepsy, and 65 matched family members without epilepsy from West China Hospital of 

Sichuan University, 16S rDNA sequencing revealed distinct fecal microbiota alterations 

for refractory epileptic patients relative to both drug-sensitive epileptic patients and 

controls without epilepsy. In particular, microbiota profiles from the refractory epilepsy 

group exhibited elevated α-diversity, as measured by the Chao1 diversity index for 

species richness, which was reportedly particular to refractory epileptic patients with 4 or 

more seizures per year and not for those with less than 4 seizures per year (Peng et al., 

2018). While samples from refractory epileptic patients exhibited no overt group clustering 

by weighted principal coordinate analysis, linear discriminant analysis (LDA) effect size 
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analysis revealed increases in the relative abundances of select members of the phylum 

Firmicutes, including Roseburia, Coprococcus, Ruminococcus, and Coprobacillus, and 

decreases in Bacteroides relative to controls.  Relative abundances of 

Methanobrevibacter, Fusobacterium, Neisseria, and Akkermansia were also increased in 

the refractory epilepsy group relative to the drug-sensitive epilepsy group. Notably, the 

study design matched group representation by age (mean 25.1-29.4), sex, and exposure 

to medication, and excluded individuals who had taken antibiotics or probiotics within the 

past 3 months or who had a history of another chronic disease. Primary differences 

between refractory and drug-sensitive groups were in seizure frequency and type 

(generalized, partial, or multiple), which would be expected based on the inherent 

biological features of the classifications.  

In another human study, fecal microbiota were profiled by 16S rDNA sequencing 

of stool samples collected from 14 infants with refractory epilepsy, ranging from 1-4 years 

old, and 30 matched healthy infants from Shenzhen Children’s Hospital (Xie et al., 2017). 

In this case, there was no significant difference in α-diversity between groups when 

measured by the Shannon index for evenness. However, principal component analysis 

showed clustering of 16S rDNA data from refractory epilepsy infants distinctly from 

healthy infant controls, indicating substantial differences in fecal microbial beta-diversity. 

Similar to results from the Peng et al. study, LEfSe analysis revealed elevated relative 

abundance of Firmicutes and Proteobacteria, and reduced Bacteroidetes and 

Actinobacteria, in infants with refractory epilepsy. At the genus level, Cronobacter was 

highly enriched in epileptic infants and not detected in healthy infants, while relative levels 

of Bacteroides, Prevotella and Bifidobacterium were decreased in infants with refractory 
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epilepsy relative to controls. While the study required participants to not have taken 

antibiotics 1 month prior to the study and excluded those with chronic illness or metabolic 

disease, baseline differences in infant diet which could confound the study in the absence 

of matched household controls were not considered. 

A third human study of 12 children with refractory epilepsy, aged 2-17 years, and 

11 healthy parent controls from Astrid Lindgren Children’s Hospital of Karolinska Institute 

examined fecal microbiomes by shotgun metagenomic sequencing (Lindefeldt et al., 

2019). Fecal microbiota samples of children with refractory epilepsy exhibited decreased 

α-diversity, as measured by Shannon index, compared to microbiota samples from the 

healthy control parents. Principal component analysis of taxonomic and functional profiles 

revealed clear clustering of microbiomes from healthy control parents, whereas those 

from children with refractory epilepsy exhibited larger variation and minor shifts along the 

first principal component. In general, taxonomic analysis indicated that microbiota from 

children with refractory epilepsy displayed decreased relative abundances of 

Bacteroidetes and Proteobacteria and increased relative abundances of Firmicutes and 

Actinobacteria, when compared to control parent samples. Particular differences in 

functional potential were reported, with refractory epilepsy microbiomes harboring 

decreased gene content for β-hydroxybutyryl-CoA dehydrogenase and crotonase, genes 

involved in the acetyl-CoA pathway, as compared to parent control microbiomes. In light 

of known age-dependent changes in the gut microbiome, a key caveat of these 

comparisons is the lack of age-matched controls.  

 Overall, all three of these human studies report alterations in the fecal microbiota 

of individuals with refractory epilepsy relative to varied non-epileptic controls (Lindefeldt 
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et al., 2019; Peng et al., 2018; Xie et al., 2017). While they each report increased 

Firmicutes relative to Bacteroides in individuals with refractory epilepsy, the reported 

microbial alterations varied highly across taxonomic levels more resolved than phylum. 

In addition, the results were conflicting with regard to whether α-diversity is altered in the 

epilepsy microbiota. These studies are difficult to cross-compare due to variations in study 

design, age differences of subjects, relatively small samples sizes, as well as a lack of 

data on genetic and environmental factors that could influence the structure and function 

of the gut microbiome. Additionally, these studies differ by sequencing methodology and 

analytical tools used to profile the gut microbiota, where shotgun metagenomics, as in the 

Lindefeldt study, delivers both strain specificity and microbiome functional profiling, while 

16S rDNA taxonomic profiling captures broader, less specific levels of diversity (Poretsky 

et al, 2014).  Larger efforts are needed to achieve adequately powered patient and control 

populations and to account for variables such as age, human genetics, medication, and 

diet.  

 
Microbiome Associations with Epileptogenesis  

 
The Gut Microbiota and Seizure Susceptibility in Animal Models  

 In addition to the existing human studies reporting a correlation between refractory 

epilepsy and altered gut microbiota, a few animal studies highlight a causal role for the 

microbiome in modulating seizure susceptibility. Animal models for studying epilepsy 

include the use of chemoconvulsants such as kainic acid, electrical stimulation using the 

6Hz seizure model, or seizure kindling which applies repeated stimulation to increase 

seizure susceptibility. One in particular drew upon a wealth of literature reporting that 
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physical and psychological stressors alter the gut microbiota (Vuong et al., 2017) to 

further investigate whether stress-induced alterations in the gut microbiota impact the 

development of seizures (Medel-Matus et al., 2018). Sprague-Dawley rats were subjected 

to sham stress or chronic restraint stress for two 2-hour long sessions per day for 2 weeks, 

and cecal contents from each group were then transplanted into naïve recipient rats that 

were pre-treated with antibiotics to first deplete the gut microbiome. As expected, rats 

exposed to chronic restraint stress required fewer number of trials of basolateral 

amygdalar stimulation in order to induce a full seizure response and longer seizure 

duration, when compared to sham stress controls. This is consistent with prior studies 

revealing that stress promotes epileptogenesis. Notably, transplantation of the 

microbiome from a stressed rat into non-stressed recipient sufficiently conferred the 

stress-related increases in susceptibility to kindling and duration of seizures. In contrast, 

transplantation of the microbiome from a non-stressed rat into a stressed rat sufficiently 

reduced seizure duration and increased the number of kindling trials toward levels seen 

in the native sham controls. These results suggest that the microbiome mediates stress-

induced increases in seizure susceptibility in a rat kindling model. Limitations of the study 

include the small sample size of 6 rats per group, the lack of companion sequencing data 

to identify taxonomic and functional differences in the microbiome that underlie their pro- 

versus anti-epileptic effects, and the lack of sequencing data of donor and recipient 

microbiota to confirm high fidelity transplantation. Additionally, mechanisms underlying 

the effects of transplantation on seizure susceptibility remain unclear; it is possible that 

metabolites contained within the transplant material, rather than the microbiome itself, 
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could play a role, as could any indirect effects of the procedure on the host stress 

response. 

A separate study examined links between the microbiome and the formation of 

cerebral cavernous malformations (CCMs), structural abnormalities in brain capillaries 

that predispose to stroke and seizures (Tang et al., 2017). Initial observations in 

endothelial specific Krit1ECKO and Ccm2ECKO knockout mice, which are theoretically 

susceptible to CCM formation, revealed that differences in the breeding vivarium and 

unexpected infections modulated resistance vs. susceptibility to CCM formation. Follow-

up experiments demonstrated that intraperitoneal injection of the gram-negative 

bacterium B. fragilis or lipopolysaccharide were each sufficient to drive CCM formation 

through TLR4 signaling. These results suggest that infection with gram negative bacteria 

(GNB) or systemic injection of GNB-associated antigens accelerates CCM formation. 

Further supporting a role for the gut microbiome on CCM formation, Krit1ECKO mice raised 

as germ-free failed to form CCM lesions, whereas those raised conventionally colonized 

developed CCMs by P10. Consistent with this, maternal antibiotic treatment yielded 

offspring that were resistant to CCM formation, a phenotype that was transmitted 

transgenerationally to mice in the absence of antibiotic treatment.  In contrast, 

conventionalization of the microbiome by cross-fostering to conventionally-colonized 

mothers restored susceptibility to CCM formation.  16S rDNA sequencing of fecal 

samples from CCM susceptible versus resistant Krit1ECKO and Ccm2ECKO mice revealed 

distinct group clustering of microbiota profiles by principal coordinates analysis. 

Taxonomic analysis highlighted significantly increased relative abundance of 

Bacteroidetes S24-7 in mice susceptible to CCM formation, as compared to resistant 
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controls. Whether this particular taxon is sufficient to modulate CCM formation is unclear. 

However, the several experiments performed in the study reveal a causal relationship 

between the gut microbiota and formation of CCMs, a primary risk factor for seizures. 

Altogether, mechanistic studies in animal models have begun to highlight how the gut 

microbiota could modify seizure vulnerability.  

 
Infection and Risk for Epilepsy 

 Several large epidemiological and case studies associate infections with increased 

risk for epilepsy. A singleton cohort study of all children born in northern Denmark from 

1998 to 2008 reported increased risk for epilepsy in children born from mothers that 

experienced infection during pregnancy (Ahlers et al., 2019; Norgaard et al., 2012). 

Similarly, in a nationwide population-based cohort study of all individuals born in Denmark 

from 1982 to 2012, childhood infection with hospitalization was associated with a 78% 

increase in risk for epilepsy (Ahlers et al., 2019). Consistent with this, infants infected with 

Group B streptococcus, a leading cause of neonatal morbidity, are more likely to be 

hospitalized and diagnosed with epilepsy or other neurological conditions during their 

childhood years (Yeo et al., 2019). A study conducted by the Norwegian Institute of Public 

Health reported an increase in febrile seizures characteristic of febrile infection-related 

epilepsy syndrome (FIRES) following the 2009 influenza A (H1N1) pandemic (Bakken et 

al., 2015). In addition, human herpesvirus (HHV)-6 infection has been associated with 

mesial temporal sclerosis (MTS), a common pathological marker in mesial temporal lobe 

epilepsy (MTLE), and the HHV6-B virus in particular is linked with childhood epilepsy 

(Leibovitch and Jacobson, 2015; Vezzani et al., 2016). In a study of 75 MTLE patients, 

52 patients displaying MTS and 23 non-MTS patients, MTS patients exhibited a greater 
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number of seizures, increased HHV-6 viral DNA load and increased markers of 

inflammation compared to non-MTS controls (Kawamura et al., 2015). Other studies have 

also suggested that HHV-6 drives MTS/MTLE pathogenesis by inducing abnormal 

immune or inflammatory responses (Bartolini et al., 2019; Wipfler et al., 2018). Additional 

human studies of bacterial and parasitic infections also suggest links between infection 

and seizure susceptibility. Taenia solium, a tapeworm with prevalence in the regions 

around Burkina Faso causes neurocysticercosis in infected humans, which correlates 

with the prevalence of epilepsy in low income countries (Sahlu et al., 2019; Vezzani et 

al., 2016). Overall, the diversity of infections implicated in epilepsy has led to the notion 

that generalized immune activation or inflammation promotes susceptibility to seizures 

(Pardo et al., 2014; Tan, 2018). 

 Animal models of various infections support a causal role for inflammation in 

promoting seizure vulnerability. As a model of limbic epilepsy, mice injected intracortically 

with Theiler’s murine encephalomyelitis virus (TMEV) exhibited seizures and 

neuroinflammation characterized by elevated pro-inflammatory cytokines including 

interleukin (IL)-6 and tumor necrosis factor (TNF)⍺ in the hippocampus, a focal region for 

seizure initiation (Cusick et al., 2017; Patel et al., 2017). Notably, blocking TNF signaling 

by TMEV injection into TNF⍺-/- or TNFR1-/-TNFR2-/- mice sufficiently reduced seizures, 

suggesting that TNF signaling is required for mediating the pro-epileptic effects of TMEV 

infection. The study provided evidence that TNFα modulates glutamate receptor 

trafficking via TNF receptor 1 to increase excitatory synaptic transmission, which could 

underlie the elevated seizure incidence seen in response to TMEV. In a separate study, 

Wistar rats injected systemically with the bacterial cell wall component lipopolysaccharide 
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(Veitenhansl et al.) exhibited elevated levels of pro-inflammatory cytokines TNF⍺, IL-6, 

and IL-1β in the brain and decreased thresholds for chemically- and electrically-induced 

seizures by pentylenetetrazole (PTZ) and corneal shock, respectively (Sewal et al., 2017). 

In addition, toxoplasma-infected mice displayed reduced PTZ-induced seizures as well, 

which were partially abrogated by blocking the dopamine receptors D1 and D2 (Babaie 

et al., 2017). Altogether, these animal studies corroborate human association studies by 

revealing that a broad range of bacteria, viruses, and parasites can similarly promote 

seizure propensity. Research further suggests that inflammatory responses associated 

with cytokines and chemokines such as TNF⍺ (Cusick et al., 2017; Patel et al., 2017; 

Sewal et al., 2017) and MCP-1(Kawamura et al., 2015) could mediate the pro-epileptic 

effects of infection.  

 
Antibiotic Treatment and Seizure Susceptibility 

  Antibiotics are commonly prescribed for treating bacterial infections (Tamma et al., 

2017) but despite their widespread use, many can elicit adverse side effects, including 

neurological symptoms (Mattappalil and Mergenhagen, 2014). A large epidemiological 

study of the Danish registry reported that increased numbers of antibiotic prescriptions 

for a single patient correlate with increased risk for epilepsy (Norgaard et al., 2012). 

Another study reported increased seizure risk in hemodialysis patients that were 

administered cephalosporin antibiotics (Zhang et al., 2019). A meta-analysis of all 

randomized controlled human trials of carbapenem antibiotics reported a significant 

increase in seizure risk associated with carbapenem usage (Cannon et al., 2014). 

Imipenem and meropenem antibiotics were also highly correlated with epileptogenesis 

(Leibovitch and Jacobson, 2015; Owens, 2008). While the majority of studies point to 
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neurotoxic effects of antibiotics, such as β-lactams, unsubstituted penicillins, 

carbapenems, and 4th generation cephalosporins (Esposito et al., 2017; Sutter et al., 

2015), a few small cohort and case studies have explored antibiotics as potential 

treatments for epilepsy (Braakman and van Ingen, 2018; Ghanizadeh and Berk, 2015; 

Raposo et al., 2016; Zhu and Wang, 2018). One found that treatment with a combination 

of penicillin derivative and macrolide antibiotics coincided with temporary seizure-free 

periods in six epileptic individuals (Braakman and van Ingen, 2018). Another reported that 

cefixime usage correlated with seizure-free bouts in a 9 year old boy with epilepsy and 

comorbid autism (Ghanizadeh and Berk, 2015). A challenge to interpreting the existing 

human data is the inability to distinguish potential off-target effects of antibiotics from their 

indicated anti-bacterial effects.  

 Findings from laboratory models have studied potential pathways by which 

antibiotics regulate seizure susceptibility. Particular β-lactam antibiotics are sufficient to 

elicit focal seizures in mice when injected intracortically or intracerebroventricularly. For 

example, penicillin-inducible seizure models have been used in multiple studies to 

understand epileptogenesis (Arslan et al., 2017; Han et al., 2015; Marangoz et al., 2018; 

Tubas et al., 2017; Zhu et al., 2018). The epileptogenic potential of penicillin, among other 

antibiotics, has been attributed to the antagonism of gamma-aminobutyric acid (GABA) -

A receptors by the β-lactam ring (Veitenhansl et al.). Non-competitive inhibition in this 

manner and voltage-dependent alterations are thought to reduce GABAergic inhibition 

and thereby permit excitatory signaling to trigger epileptiform bursts. In addition to 

inhibiting GABA-A receptors, quinolones can also bind to benzodiazepine receptors in the 

GABA complex. Moreover, both quinolones and cephalosporins further display agonistic 



 
44 
 
 
 
 

effects on glutamatergic N-methyl-D-aspartate (NMDA) receptors, which further promote 

seizure susceptibility. Carbapenems, which are most frequently associated with seizures, 

have a higher potential to promote seizures due to their greater ability to cross the blood 

brain barrier and to interfere with the action of antiepileptic drugs such as valproic acid.  

In contrast to these direct effects of particular antibiotics on promoting neuronal 

activity underling seizures, some drugs with antimicrobial properties are being pursued 

for their anti-epileptic effects. Rapamycin, an mTOR inhibitor and antibiotic, reduced 

mTOR activation, overexpression of P-glycoprotein, and seizure susceptibility in a rat 

Coriaria lactone kindling model of temporal lobe epilepsy (Mazumder et al., 2016; Plovier 

et al., 2017). Minocycline, an inhibitor of microglial activation and antibiotic, reduced 

sympathetic nerve activity and increased seizure thresholds in rat kainic acid and 

amygdalar kindling seizure models (Beheshti Nasr et al., 2013; Bhandare et al., 2017). In 

addition, the antibiotic gentamicin increased latency to seizure and reduced total seizure 

duration when injected intracerebroventricularly into rats treated with kainic acid (Zhao et 

al., 2018). Overall, both human and animal studies have reported opposing effects of 

different antibiotics on seizure susceptibility. The findings warrant increased attention to 

whether the particular type, dose and route of antibiotic treatment may elicit disparate 

influences on vulnerability to particular subtypes of seizures.  

 
Microbiome Implications for Epilepsy Treatments  

The Microbiome and Ketogenic Diet  

The high-fat, low-carbohydrate ketogenic diet (KD) is used as a clinical treatment 

for refractory epilepsy in individuals who do not respond to existing anti-epileptic drugs. 

While the KD has been used for almost a century for reducing seizures, the exact 
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mechanisms by which the diet ameliorates seizures remains unclear. A few recent studies 

have investigated effects of the clinical KD on the composition of the gut microbiome in 

epilepsy patients, drawing the attention to whether alterations in the gut microbiome may 

contribute to the protective effects of the KD against seizures. In a study of 12 children 

diagnosed with drug-resistant epilepsy, 5 out of 12 children displayed a > 50% decrease 

in seizure reduction and 10 out of the 12 children exhibited improved cognition and motor 

functions after 3 months on classical KD (Lindefeldt et al., 2019). When comparing the 

gut microbiome samples collected before initiation of the KD to those taken after 3 months 

on KD, there was no significant difference in α-diversity. However, β-diversity analysis 

revealed compositional differences characterized by decreases in relative abundances of 

Actinobacteria and Bifidobacterium and an increase in Proteobacteria. Another study of 

20 children with refractory epilepsy reported KD-associated reductions in epilepsy 

symptoms that were correlated with reduced α-diversity of the microbiome, decreases in 

Actinobacteria and Firmicutes relative to Bacteroidetes after 6 months of dietary treatment 

(Zhang et al., 2018). A third study of 14 epileptic infants reported reductions in 

Proteobacteria and elevations in Bacteroides, Prevotella, and Bifidobacterium after at 

least 1 week on the KD (Xie et al., 2017). There was little consistency across these studies 

in the particular microbial taxa that were affected, which could be due to variations in 

study design, such as the length of KD treatment, the specific KD dietary regimen 

implemented, and the subtypes of epilepsy and seizure semiologies represented by the 

patient cohorts. One study examined 6 patients diagnosed particularly with glucose 

transporter 1 deficiency syndrome (GLUT1 DS) (Tagliabue et al., 2017). 3 months of KD 

treatment correlated with alterations in the gut microbiome that were characterized by a 
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decrease in the relative abundance of Desulfovibrio. Overall, these studies warrant 

continued efforts to examine the effects of the KD on the gut microbiome across a large 

cohort of epileptic individuals. In particular, profiling microbial function rather than 

taxonomy, and examining associations with particular dietary, seizure semiology, medical 

history, and demographic data may yield greater insight across studies.  

Additional studies in animal models of epilepsy similarly reveal functional roles for 

the gut microbiome in mediating the anti-seizure effects of the diet. In a 6 Hz acute 

electrically-induced seizure model of refractory epilepsy, depletion of the gut microbiome 

by antibiotic treatment or germ-free rearing abrogated the protective effects of the KD 

(Olson et al., 2018). Moreover, promoting the KD-associated microbiome in naïve mice 

fed a control diet sufficiently conferred seizure protection. 16S rDNA sequencing revealed 

that the KD decreased α-diversity of the gut microbiome within 4 days of dietary treatment 

and increased the relative abundance of Akkermansia muciniphila, Parabacteroides, 

Sutterella, and Erysipelotrichaceae relative to controls. Selective enrichment of A. 

muciniphila and Parabacteroides conferred protection against 6 Hz seizures. These 

findings were further replicated in the Kcna1-/- genetic mouse model for sudden 

unexpected death in epilepsy (SUDEP), where depletion of the gut microbiome promoted 

spontaneous tonic-clonic seizures whereas selective enrichment of KD-associated 

bacterial taxa reduced seizure frequency and duration. Metabolomic data revealed 

decreases in peripheral ketogenic gamma-glutamylated amino acid concentrations, 

which correlated with higher hippocampal GABA/glutamate ratios in seizure protected 

mice, suggesting a role for microbial regulation of peripheral metabolites and central 

neurotransmitter metabolism in regulating seizure susceptibility. These findings align with 
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increasing interest in select microbes that regulate the biosynthesis of GABA within the 

gut (Strandwitz, 2018; Yunes et al., 2016), and the use of other microbiota-related 

metabolites to modulate seizure susceptibility. For example, ginsenoside compound K 

was reported to decrease seizure intensity and latency in rats challenged with 

pentylenetetrazole to induce seizures (Zeng et al., 2018), and GPR40, a receptor for free 

fatty acids, has been shown to also regulate NMDA receptor function to reduced seizure 

susceptibility (Yang et al., 2018). Additional studies are needed to examine mechanisms 

by which microbes and microbiome-dependent metabolites influence brain activity and 

behavior related to epilepsy.  

 
Probiotic Treatment in Human Epilepsy  

Although there have been only a few small studies to date that report alterations 

in the gut microbiome in human epilepsy (Liang et al., 2017; Lindefeldt et al., 2019; Xie 

et al., 2017), the links between epilepsy and infection, inflammation and antibiotic 

treatment raise the question of whether microbial alterations under those conditions may 

play a role. Two recent human studies examined the effects of probiotics on seizures. In 

an observational study of neonates infected with rotavirus at the Gyeongsang National 

University Hospital (Yeom et al., 2019), 32 out of the 78 rotavirus positive neonates and 

100 out of 150 rotavirus negative neonates were treated with Saccharomyces boulardii 

or Lactobacillus casei as a probiotic within 24 hours of birth. The authors proposed that 

S. boulardii reduces seizures through inhibition of rotavirus structural protein 4, a viral 

enterotoxin which increases reactive oxygen species and white matter injurty, or through 

suppressing the inflammatory response overall. The study reported that probiotic 

administration within 24 hours of birth was associated with a 10-fold decreased risk for 
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seizures (odds ratio of 0.09) while rotavirus infection remained a risk factor only in 

neonates not given probiotics (odds ratio of 4.83). Seizure reduction was also reported in 

a pilot open label study of 43 adults with drug-resistant epilepsy treated daily for 4 months 

with a cocktail of Lactobacillus acidophilus, L. plantarum, L. casei, L. helveticus, L. brevis, 

Bifidobacterium lactis, and Streptococcus salivarius (Gomez-Eguilaz et al., 2018). 13 out 

of 43 (30%) of individuals reported >50% reduction in seizure frequency in the 4 months 

post treatment; however, a major limitation is the small study size and lack of placebo 

control. In addition to probiotic treatment, one recent case study from the Second 

Affiliated Hospital of Nanjing Medical University performed fecal microbiota 

transplantation (FMT) to treat Crohn’s disease (CD) in a 22-year-old individual with 

refractory epilepsy (He et al., 2017). After 3 treatments, there was a decrease in the 

patient’s CD index score from 361 (pre FMT) to 131 (20 months post-FMT). In addition, 

the patient reportedly experienced no epileptic seizures during the 20 months after FMT 

during which no antiseizure medications were taken. Consistent with this potential role 

for select probiotics to modulate seizure susceptibility, two studies in rodent models 

reported that probiotic treatment with L. rhamnosus alone or together with B. longum 

modulated expression of select GABA receptor subunits in various brain regions (Bravo 

et al., 2011; Liang et al., 2017). Overall, the promising results from the limited human and 

animal studies performed to date suggest that additional studies are needed to examine 

whether manipulation of the gut microbiome may serve as a tractable strategy for 

reducing seizures. 

 
Anti-Epileptic Drugs and The Gut Microbiota 
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Non-antibiotic medications, including anti-epileptic drugs, can interact directly with 

gut microbes that modify their metabolism and thereby impact drug efficacy and toxicity. 

A recent study of 1197 medications reported that 27% of non-antibiotic drugs inhibited 

the growth of at least one of 40 bacterial isolates (Maier et al., 2018). An additional study 

reported that the anticonvulsant drug clonazepam is metabolized by intestinal microbes, 

which can contribute to drug toxicity (Zimmermann et al., 2019). Other studies report mild 

effects of anti-seizure treatments such as carbamazepine on select gut microbes (Gomes 

et al., 2018; Vasiliadou et al., 2018; Watkins et al., 2017). Moreover, in a mouse study of 

maternal treatment with the antiepileptic drug valproic acid (Veitenhansl et al.), offspring 

of valproic acid (VPA)-treated mothers exhibited fecal microbiota with decreased 

Firmicutes and increased Bacteroidetes when compared to vehicle-exposed control mice 

(Sgritta et al., 2019). Additional animal studies similarly report that maternal exposure to 

VPA alters offspring gut microbiota composition (de Theije et al., 2014; Lim et al., 2017; 

Liu et al., 2018). Notably, VPA during pregnancy has known teratogenic effects, which 

raises the question of whether select VPA-induced phenotypes occur via microbiome 

alterations as opposed to other direct effects of VPA on host physiology. These studies 

highlight the importance of considering drug-induced gut microbiota changes and direct 

xenobiotic interactions with gut microbes. Large well-controlled population studies are 

needed to determine whether there is a clear signature of microbiome alterations in 

human epilepsy, and further, whether any anti-epileptic drugs may alter the microbiome 

in a reproducible manner. 

 
Conclusion 
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The gut microbiota is increasingly recognized as an important factor in epilepsy. 

Epilepsy is a highly heterogeneous disorder requiring understanding of interactions 

between genetic and environment risk. The gut microbiota regulates immunity and 

inflammation, metabolism, and peripheral and central neuronal signaling, pathways 

independently linked to epileptogenesis. Continued studies are warranted to understand 

the gut microbiota as a mediator of environmental variables, like diet, stress, and immune 

challenge, on seizure outcomes. Despite human studies demonstrating that changes in 

the composition of the microbiota correlate with epilepsy, there is as yet little consistency 

in the exact microbial taxa implicated across studies. The microbiome studies in epileptic 

patients to date are few, underpowered, and focus largely on bacterial taxa rather than 

function. Future studies that evaluate functional metagenomic profiles of the microbiome 

in large cohorts of epileptic individuals and age-matched controls, with careful 

consideration of seizure semiologies, demographic, medical and dietary information, 

could reveal whether there are consistent functional microbial signatures for subtypes of 

epilepsy. Such studies have the potential to uncover whether the gut microbiome can 

serve as a novel biomarker of subtypes of epilepsy. Absent of consistent microbiome 

implications with epilepsy pathogenesis, the gut microbiome could influence efficacy of 

seizure treatments, such as the ketogenic diet and anti-epileptic drugs. Further study of 

how the microbiome is impacted by seizure interventions could identify microbial markers 

for treatment responsiveness or form the foundation for novel microbiome-based 

treatments for epilepsy. Finally, detailed studies in animal models, for how microbes 

impact brain metabolism, neuroimmunity and neuronal activity promise to uncover 

fundamental principles for host-microbiome interactions that impact brain and behavior. 
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Overall, further investigation into roles for the microbiome in epilepsy could help to 

uncover mechanistic underpinnings of epilepsy pathogenesis, biomarkers for disease and 

therapeutic responsivity, and novel approaches for treatment of refractory epilepsy.  

 

 

 

 

 
 

 

Table 1: Reported alterations in the gut microbiota in human epilepsy. KD= 

ketogenic diet, GLUT1 DS= glucose transporter type 1 deficiency syndrome  
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Figure 2: Potential roles for the gut microbiome in mediating risk factors (red) and 

interventions (blue) for epilepsy. Factors associated with increased susceptibility to 

seizures, including antibiotics, infection, and psychological and physical stressors, also 

perturb the gut microbiota. Antibiotics can promote seizures directly through modulation 

of neuronal activity, or  indirectly through modification of the microbiome. Pro-

inflammatory cytokines and stress hormones that promote seizure risk can be induced by 

microbial antigens and can modify the gut microbiome. Particular gut microbes may alter 

the metabolism of antiepileptic drugs or be directly inhibited by antiepileptic drugs. The 
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ketogenic diet is used to treat refractory epilepsy and is associated with changes in both 

the human and mouse gut microbiome. In two human studies, probiotic treatment was 

associated with reduced seizure risk. Separate animal studies report that probiotics 

modulate brain expression of gamma-aminobutyric acid (GABA) receptors, levels of 

GABA relative to glutamate, and seizure susceptibility.     
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Abstract 

 

Neurotransmitters are widely distributed throughout all domains of life, with diverse 

functions that precede their use for neurotransmission in vertebrates. Increasing evidence 

for co-evolution and co-speciation of vertebrate hosts with their microbiomes suggests 

that neurotransmitters enable both intra- and interkingdom signaling. Particular bacteria 

have the capacity to synthesize and respond to neurochemicals, which affect growth, 

quorum sensing, motility, and virulence. The gut microbiota regulates both the enteric and 

central nervous systems, likely through pathways involving modulation of 

neurotransmitters, among other neuroactive molecules, in the intestine, blood and brain. 

Herein we review bacterial synthesis and utilization of neurotransmitters, focusing on 

serotonin (5-HT), γ-aminobutyric acid (GABA), dopamine (DA), norepinephrine (NE), and 

epinephrine. We discuss roles for the gut microbiota in modulating host metabolism of 

neurotransmitters in the gastrointestinal tract and brain. We further assess evidence 

suggesting that microbial modulation of host neurochemicals may be relevant to 

neurological disorders—anxiety and depression, Parkinson’s disease, and autism 

spectrum disorder in particular. Finally, we examine the notion that microbial modulation 

of neurotransmitters is important for communication along the microbiota-gut-brain axis. 

 

Introduction 

Neurotransmitters are chemical messengers that enable signal transmission between a 

neuron and another cell. The majority of neurotransmitters are amino acids and amino 

acid derivatives- trace amines and monoamines-though some gases, peptides and other 
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molecules mediate neurotransmission as well. Given that many neurotransmitters are 

produced from simple dietary and metabolic precursors, it is perhaps not surprising that 

the synthesis and metabolism of neurotransmitters has been reported across several 

bacterial taxa. Serotonin (5-HT), γ-aminobutyric acid (GABA), dopamine (DA), 

norepinephrine (NE) and epinephrine, among other transmitters, have been detected in 

cultures of many pathogenic and mutualistic bacteria. Particular species respond to 

neurotransmitters as growth substrates, quorum sensing molecules, and virulence 

factors. That both neurons and particular bacteria can synthesize and utilize 

neurotransmitters raises the fascinating question of whether neurotransmitters serve as 

interkingdom signaling molecules, enabling communication between bacterial members 

of the indigenous microbiota and the host nervous system.  

 

The gut microbiota fundamentally impacts the development and function of both the 

enteric and central nervous systems1. The enteric nervous system (ENS) is comprised of 

a vast network of plexuses- myenteric and submucosal- that contain an estimated 100 

million neurons in humans, equally abundant to those forming the spinal cord2. As such, 

a wide array of neurotransmitters are produced within the gastrointestinal (GI) tract3 that 

modulate functions such as sensation, motility, secretion, and circulation. Bacterial 

regulation of metabolic signals, including neurotransmitters, from the intestinal epithelium, 

mucosal immune system, and enteric neurons themselves, could contribute to alterations 

in the ENS.  
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Still unclear are the molecular mechanisms underlying how the gut microbiota modulates 

the central nervous system (CNS). Numerous animal studies reveal effects of the 

microbiota on brain neurophysiology, including neuronal morphology, myelination, and 

synaptic transmission, in addition to several complex behaviors, such as social 

interaction, communication, and anxiety. Bacterial modulation of neuroactive molecules, 

including neurotransmitters, is hypothesized to mediate communication across the 

microbiota-gut-brain axis (Figure 3). Several neurochemicals produced in the intestine 

enter circulation to other body systems through the intestinal, mesenteric and 

gastroepiploic conduits that converge at the portal vein. Some may be able to cross the 

blood brain barrier (BBB) to access the brain itself, though the extent to which microbially-

modulated metabolites enter the brain has not yet been thoroughly delineated. In addition, 

vagal efferent fibers signal from the CNS to the periphery via the nucleus of the solitary 

tract (NTS) in the brainstem, while vagal afferent fibers, which are approximately 9 times 

more abundant than efferent fibers, transmit sensation from the viscera to the NTS and 

its projection sites4. While activation of vagal afferents by intestinal neurotransmitters, 

such as glutamate, 5-HT and GLP-1, has long been recognized to mediate appetite, 

satiety and nausea, whether this pathway is modulated by the gut microbiota to modify 

brain function and behavior remains poorly understood. Potential effects of the microbiota 

on vagal activity, neuroendocrine signaling and neuroimmunity are thought to underlie the 

ability of the microbiota to modify a variety of host phenotypes, including complex 

behavioral and neurophysiological symptoms of disease. Microbial modulation of 

neurotransmitters is relevant to each of these pathways for communication between the 

microbiota and nervous system. In the following sections, we discuss roles for bacteria in 
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the synthesis and/or modulation of host-derived neurotransmitters-- 5-HT, GABA, DA, 

NE, and epinephrine. We further highlight how microbial changes in neurotransmitter 

signaling may impact the host nervous system, with implications for neurological disease.  

 

Serotonin (5-HT)  

 

Bacterial Synthesis of 5-HT  

In addition to its important roles in the CNS, 5-HT is a key neurotransmitter and hormone 

in the GI tract and across peripheral organ systems. In mammals, over 90% of 5-HT is 

found in the gut, where it is synthesized by enterochromaffin (EC) cells and serotonergic 

neurons of the enteric nervous system (ENS) to stimulate intestinal motility, secretion and 

absorption5. 5-HT also modulates sensory transmission to the CNS, activating vagal 

afferents in the stomach and superior duodenum to regulate gastric emptying, satiety, 

nausea, and discomfort6. Although much of the 5-HT in the GI tract is thought to be host-

derived, several microbes are capable of producing 5-HT de novo, raising the possibility 

that GI 5-HT levels may be affected by contributions from both host cells and gut 

microbes. The first report of bacterial 5-HT found detectable levels of 5-HT in cultures of 

many taxa from the helminth Ascaris suum intestine7 (Table 1). 5-HT was also found in 

cultures of Bacillus cereus8. Moreover, Morganella morganii, Klebsiella pneumoniae, and 

Hafnia alvei produced 5-HT when grown in a histidine-supplemented medium9, and 

Lactobacillus plantarum, L. lactis, and S. thermophilus produced 5-HT when grown in 

broth supplemented with arginine10. These results suggest that several groups of bacteria 

harbor enzymes capable of synthesizing 5-HT from amino acid precursors.  
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Despite detection of 5-HT from live cultures of bacteria, little is known regarding bacterial 

mechanisms for 5-HT synthesis. One study identified a tryptophan hydroxylase (Tph) in 

C. violaceum11, which was hypothesized to catalyze the synthesis of the microbe’s 

characteristic pigment, violacein. 5-HT has been detected in Chromobacterium cultures7, 

but it is unclear whether this bacterium synthesizes 5-HT using endogenous Tph or via 

an alternative pathway. Nevertheless, the existence of a Tph enzyme in C. violaceum 

supports the notion that some species harbor orthologous hydroxylases for 5-HT 

synthesis. Similarly, E. coli is reported to synthesize 5-HT, but para-chlorophenylalanine 

(PCPA), an inhibitor of Tph1, the rate-limiting enzyme for 5-HT biosynthesis in animals, 

had no effect on the growth of E. coli, suggesting that some bacteria may utilize Tph-

independent processes for 5-HT biosynthesis12.  

 

Plants synthesize 5-HT via an alternative pathway involving the decarboxylation of 

tryptophan to tryptamine, followed by hydroxylation of tryptamine to 5-HT13. In recent 

work, Clostridium sporogenes and Ruminococcus gnavus synthesized tryptamine using 

tryptophan decarboxylases, providing evidence that microbial genomes encode enzymes 

capable of synthesizing bioactive tryptophan derivatives that function as eukaryotic 

neurotransmitters14. Although this activity is rare among bacteria, analysis of 

metagenomic DNA from human stool samples revealed that at least 10% of the human 

population harbors gut bacteria that encode a tryptophan decarboxylase. It is possible 

that this pathway is used by some bacteria for 5-HT production, but whether the gut 

microbiome encodes this function is unclear.  
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Melatonin, a tryptophan-derived hormone involved in the maintenance of circadian 

rhythms, has also been detected in bacteria15, 16. Arylalkylamine N-acetyltransferases 

catalyze the conversion of 5-HT to melatonin in vertebrates, and these enzymes have 

been found in Gram-positive bacteria17. Interestingly, some gut bacteria were responsive 

to melatonin and expressed circadian rhythmicity with respect to swarming and motility, 

indicating that tryptophan derivatives may be utilized by the host to regulate the gut 

microbiota18. Together, these studies suggest that the ability to synthesize 5-HT and 5-

HT derivatives is widely distributed among bacteria, although additional work is required 

to elucidate various mechanisms for 5-HT production. 

 

Despite high levels of 5-HT in the GI tract and reported synthesis of 5-HT by particular 

gut microbes, how 5-HT influences bacterial physiology remains poorly understood. 5-HT 

stimulated growth of S. faecalis19, E. coli and Rhodospirillum rubrum9, 20, 21 at 

concentrations between 2 x 10-7 and 2 x 10-5 M. In addition, 5-HT promoted cell 

aggregation in E. coli and Polyangium spp.9, 12, suggesting a role for 5-HT as a bacterial 

signaling molecule. A recent study revealed a role for 5-HT as a quorum sensing 

molecule, promoting biofilm formation and virulence of P. aeruginosa22. Additional studies 

are needed to examine effects of 5-HT on bacterial growth, metabolism, and function. 

 

Although there is evidence for bacterial biosynthesis of 5-HT in culture, it is possible that 

microbiota-derived 5-HT contributes little to overall gut 5-HT levels in vivo. Luminal levels 

of 5-HT are substantially lower than tissue-derived concentrations, suggesting a minor 
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contribution of microbiome-derived 5-HT to total 5-HT content in the gut. In addition, Tph1 

knockout mice, which lack the host enzyme required for peripheral 5-HT synthesis, exhibit 

significant deficiencies in blood and intestinal 5-HT levels23-25. Findings across three 

independent studies suggest that ~7% of blood 5-HT and ~3% of intestinal 5-HT may be 

accounted for by non-host cells, including the microbiome, and any host cells that utilize 

enzyme isoforms other than Tph1 for 5-HT synthesis, such as Tph2+ neurons. Whether 

the microbiota itself is altered in Tph1 knockout animals is unclear, though any changes 

in microbiota composition may misrepresent the amount of 5-HT that is contributed by a 

conventional microbiota. Future research is needed to distinguish between 5-HT derived 

from microbial synthesis, microbe-dependent host synthesis and microbe-independent 

host synthesis.  

 

Bacterial Modulation of Host 5-HT  

The gut microbiota plays an important role in modulating host metabolism of 5-HT. Mice 

that are raised in the absence of microbial colonization (germ free, GF) display substantial 

decreases in blood, fecal, and colonic 5-HT levels relative to conventionally-colonized 

(specific pathogen free, SPF) controls26. Select spore-forming bacteria (Sp) from the gut 

microbiota stimulated Tph1-mediated 5-HT production by colonic ECs. Colonization of 

GF mice with Sp elevated serum and colon 5-HT to levels seen in SPF controls, reducing 

colonic transit time and promoting platelet activation and aggregation in a 5-HT-

dependent manner. In addition to affecting 5-HT biosynthesis, there is some evidence 

that microbes can alter host 5-HT bioavailability by regulating 5-HT uptake. 

Enteropathogenic E. coli (EPEC) reduced 5-HT transporter (SERT) function in Caco-2 
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cells, a human epithelial colorectal carcinoma cell line27. Mice infected with EPEC 

exhibited reduced SERT mRNA expression and decreased 5-HT cellular uptake in small 

intestine apical membrane vesicles. These data suggest an important role for particular 

subsets of bacteria in regulating levels of host colonic and blood 5-HT that are relevant 

to normal GI, ENS and platelet physiology. 

 

While molecular mechanisms underlying how particular gut bacteria modulate host 5-HT 

levels are unclear, paracrine metabolic signaling may be involved. Short-chain fatty acids 

(SCFAs, specifically acetate and butyrate), which are products of bacterial fermentation 

and enriched in response to 5-HT-inducing Sp bacteria, induced Tph1 expression in BON 

cells, a human EC cell line28. A separate study corroborated the relationship between 

SCFAs and 5-HT in vivo, where rats treated with SCFAs exhibited increased colonic 

transit time, an effect abolished by PCPA treatment29. Other microbial metabolites, 

including deoxycholic acid, tyramine and alpha-tocopherol, have also been implicated26. 

Studies are needed to identify signal transduction pathways by which various microbial 

metabolites induce host 5-HT synthesis. 

   

The gut microbiome also significantly impacts the host brain serotonergic system. 

Compared to SPF controls, GF mice exhibited increased hippocampal 5-HT and 

decreased 5HT1A receptor expression in the hippocampal dentate granule layer30. These 

differences were only significant for male GF mice31, highlighting a role for sex differences 

in microbiome-induced changes in host brain neurochemicals. GF mice also had a higher 

degree of 5-HT turnover in the striatum, which possibly impacts anxiety-like behavior32. 
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One study supported this notion of microbiome-mediated changes in anxiety and 5-HT by 

demonstrating that probiotic treatment with Lactobacillus helveticus NS8 corrected 

deficits in hippocampal 5-HT in a chronic restraint model of anxiety33.  In zebrafish, 

treatment with L. rhamnosus IMC 501 increased expression of the tryptophan 

hydroxylases Tph1a, Tph1b and Tph2 in the brain34. In rats, probiotic treatment with 

Bifidobacterium infantis decreased 5-hydroxyindole acetic acid (5-HIAA), a 5-HT 

breakdown product, in the frontal cortex35. While evidence suggests that 5-HT does not 

readily cross the blood-brain barrier (BBB)36, its precursors tryptophan and 5-

hydroxytryptophan (5-HTP) can37, raising the question of whether microbiome-mediated 

changes in CNS 5-HT levels are mediated by microbial effects on peripheral 5-HT 

precursors. Future studies are needed to determine the extent of interactions between 

peripheral and brain levels of neurotransmitters, including 5-HT, and importantly, to 

uncover mechanisms by which the gut microbiota impacts CNS 5-HT and downstream 

functions.  

 

γ-aminobutyric Acid (GABA) 

Bacterial Synthesis of GABA  

GABA is the primary inhibitory neurotransmitter in the CNS. In addition to modulating 

neuronal excitability38, GABA affects the immune system, blood pressure, and stress 

tolerance39. In the GI tract, GABA regulates intestinal secretion and peristalsis through 

modulation of acetylcholine, another neurotransmitter, and non-adrenergic, non-

cholinergic (NANC) enteric neurons40. In addition, many immune cells, including dendritic 

cells, macrophages, and T cells express GABA receptors and enzymes for GABA 
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synthesis40, 41, suggesting an important role for intestinal GABA in immunomodulation. 

Abnormalities in brain GABA metabolism are associated with mental health disorders 

including depression, anxiety, and autism, raising the question of whether modulation of 

GABA levels by the microbiota may impact host health and disease. 

 

Microbial biosynthesis of GABA has been widely reported (Table 1). Bacteroides fragilis 

and E. coli were capable of producing GABA in culture, suggesting that the microbiota 

may contribute to GABA levels in the host42. GABA production has also been observed 

in Pseudomonas aeruginosa, P. fluorescens, Bifidobacterium, and Lactococcus strains43-

46. Moreover, an HPLC-based screening method identified 9 high GABA-producing 

strains of L. brevis47. Interestingly, GABA synthesis is not limited to commensal microbes, 

as at least eight common bacterial pathogens also produced this neurochemical48.  

 

Several studies have explored GABA metabolism in bacteria. The glutamate 

decarboxylase (GAD) system is important for promoting acid tolerance49. GAD catalyzes 

glutamate conversion to GABA by consuming protons, and a glutamate/GABA antiporter 

couples glutamate influx to GABA efflux. Many bacteria metabolize GABA to succinate, 

which can be utilized for energy production. GADs have been identified in a variety of 

bacteria, including E. coli, Lactobacillus sp., and Streptococcus sp.50-54, and draft genome 

sequences for the GABA-producing bacteria L. plantarum, L. brevis55, 56, B. angulatum, 

and B. adolescentis57 have revealed genes for the transport of GABA. Moreover, the 

glutamate decarboxylase GadB is reportedly more highly enriched in human stool 
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samples than in any other body site39. This evidence indicates that select members of the 

gut microbiota have the genomic potential for GABA synthesis. 

 

Aside from directly synthesizing GABA, some gut microbes directly respond to it. The first 

report of a neurotransmitter receptor in bacteria was that of a GABA uptake system in P. 

fluorescens58. Pseudomonas harbored enzymes for GABA metabolism, but was unlikely 

to utilize GABA as a primary nutrient source due to the inefficiency of this pathway, 

suggesting that GABA functions as a signaling molecule. When cultures were pretreated 

with GABA during early growth phase, strains of P. fluorescens exhibited increased 

cytotoxicity, altered LPS structure, and reduced biofilm formation45. In a separate study, 

a gut Flavonifractor sp. was found to utilize GABA produced by B. fragilis as a growth 

factor59. A co-culture screening assay subsequently identified several other GABA-

producing gut microbes that induced Flavonifractor growth, including Alistipes putredinis, 

B. ovatus, L. brevis, and B. longum. These results highlight the importance of studying 

microbe-microbe interactions within the gut in addition to host-microbe interactions. 

Future studies utilizing these methodologies may elucidate neurochemical-based 

signaling networks between gut bacteria and provide insight into the key microbial players 

in neurochemical biosynthesis and utilization in the GI tract. 

 

Bacterial Modulation of Host GABA 

Additional studies have revealed important roles for the gut microbiota in modulating host 

levels of GABA. Compared to SPF mice, mice raised as GF exhibited substantial 

deficiencies in levels of luminal GABA that were restored by postnatal conventionalization 
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with an SPF microbiome or colonization with Sp bacteria. In another study, site-directed 

mutagenesis of GadB in B. dentitium decreased GABA:glutamate ratios in vitro39. As 

such, probiotic treatment with B. dentitium significantly diminished visceral 

hypersensitivity in rats, consistent with the important role for GABA in regulating pain 

perception from visceral sensory afferent neurons. These studies highlight the potential 

use of bacterial modulators of host GABA levels as probiotic treatments for symptoms of 

intestinal disorders. 

 

Like for 5-HT, whether microbiome-mediated changes in peripheral GABA contribute to 

alterations in brain GABA is unclear. Studies examining whether GABA can cross the 

BBB have rendered conflicting results60, though evidence suggests that glutamate, its 

precursor, does cross the BBB61. This raises the question of whether the microbiome can 

modulate glutamate concentrations to indirectly impact CNS GABA levels. Microbial 

metabolites have been implicated in glutamate-glutamine and GABA cycling in the 

hypothalamus of fasted rats. Rats orally gavaged with (U-13C) inulin exhibited 

microbiome-dependent fermentation of the compound into labeled acetate, with 

corresponding alterations in hypothalamic GABA metabolism62. Acetate was 

metabolically oxidized by astrocytes through the tricarboxylic acid cycle and fed into 

hypothalamic GABA cycling, thereby increasing GABA production. Consistent with this, 

L. rhamnosus (JB-1) increased brain GABA concentrations after four weeks of 

treatment63, suggesting indirect effects of the bacterium on host GABA metabolism. JB-1 

probiotic treatment also modulated expression of GABA receptors GABAaα2, GABAaα1, 

and GABAB1b across different brain regions64. Alterations in these particular classes of 
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GABA receptors have been implicated in anxiety disorders. Indeed, JB-1 treatment 

improved performance in the elevated plus maze and forced swim test (FST), behavior 

tests for anxiety- and depression-related behaviors in rodents. Notably, the effects on 

performance in the FST required active vagal nerve function. Additional studies are 

needed to identify specific endocrine and/or vagal pathways that may link microbiome-

mediated GABAergic signaling in the GI tract and the brain, and to further elucidate how 

microbial modulation of neurotransmitters including GABA may affect brain and behavior.  

 

Catecholamines: Dopamine (DA), Norepinephrine (NE), and Epinephrine 

Bacterial Synthesis of Catecholamines 

NE and DA within the GI tract account for approximately half of bodily levels, while 

epinephrine is low to undetectable65 66. They impart various effects on GI physiology. NE 

decreases motility through the sympathetic division of the autonomic nervous system 

(ANS) and is also known to regulate sensory, motor and secretory function67.  Epinephrine 

slows GI motility by causing smooth muscle relaxation through beta adrenergic 

receptors68. NE, DA, and epinephrine alter GI nutrient absorption rates, although DA is 

believed to have a smaller contribution. Catecholamines in the GI tract also modulate 

blood flow, as NE induces vasoconstriction, epinephrine promotes vasodilation, and DA 

elicits concentration-dependent vasodilation or vasoconstriction.  

 

DA and NE have been detected in culture media of several bacteria (Table 1). 

Interestingly, the reported concentrations of catecholamines from bacterial culture are 

higher than in human blood21, suggesting that microbe-derived catecholamines play an 
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important role in signaling between bacteria as well as between the microbiota and the 

host. L-DOPA is a DA, NE, and epinephrine precursor, and bacterial synthesis of L-DOPA 

via several enzymatic pathways has been well-documented. E. intermedia generated L-

DOPA via beta-tyrosinase activity using L-tyrosine and pyrochatecol as substrates69. 

Tyrosinase activity also efficiently converted L-tyrosine to L-DOPA in a soil Bacillus 

species70. Alternative enzymatic pathways of L-DOPA production in bacteria include 

tyrosine phenol lyase, which was identified in Erwinia herbicola and several other 

species71, a transaminase pathway in several bacteria72, and synthesis from pyruvate, 

ammonia, and catechol/pyrocatechol in E. intermedia 73. These findings suggest that L-

DOPA production capacity is widely distributed among bacteria, but microbial pathways 

for the conversion of L-DOPA to catecholamine neurotransmitters remain poorly 

understood. Interestingly, an L-DOPA decarboxylase was identified in Sorangium 

cellulosum74, suggesting that some bacteria may produce DA via the same mechanism 

utilized by eukaryotes.  

 

Several studies have explored the effects of NE on the growth and virulence of pathogenic 

bacteria. NE stimulated the growth of E. coli, Yersinia enterocolitica, K. pneumoniae, S. 

aureus and P. aeruginosa in culture75, 76. NE also increased the growth and virulence of 

Streptococcus pneumonia77, Vibrio campbellii, V. anguillarum78, Campylobacter jejuni79, 

and Salmonella typhimurium80. In contrast, NE inhibited the growth of P. gingivalis and B. 

forsythus, suggesting that particular bacteria produce NE to regulate others. For P. 

aeruginosa, NE increased virulence and swimming motility, likely via the las quorum 

sensing pathway81. The virulence of pathogenic E. coli and Y. enterocolitica was also 
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enhanced by NE, which stimulated production of adhesin and shiga-like toxin82-84. 

Notably, flagellar and motility genes of enterohemorrhagic E. coli (EHEC) was controlled 

by a quorum sensing mechanism involving production of AI-3 by gut commensals and 

epinephrine/NE by the host. Structurally similar, AI-3, epinephrine and NE, each bound 

to QseC, a sensor kinase involved in the regulation of virulence and motility 85-87. It is 

hypothesized that AI-3 is capable of signaling to eukaryotic adrenergic receptors, 

supporting bidirectional signaling between bacteria and eukaryotes88. Aside from known 

pathogens, particular Enterobacteriaceae, Pseudomonadoceae, Actinomyces, Eikenella, 

and Campylobacter members of the indigenous microbiota also exhibited increased 

growth in response to NE82. Epinephrine enhanced P. fluorescens chemotaxis89, but 

much less is known about effects of epinephrine and dopamine on bacterial physiology. 

Future studies are needed to examine effects of catecholamines on bacterial function and 

genes involved in bacterial metabolism of neurotransmitters. 

 

Bacterial Modulation of Host Catecholamine Synthesis 

Animal studies have shown that the gut microbiota plays an important role in the 

production of catecholamines found in the intestinal lumen65. Compared to SPF controls, 

reduced levels of free luminal catecholamines were detected in the luminal contents, but 

not intestinal tissue, of GF mice, where over 90% of the DA and 40-50% of the NE was 

in the biologically inactive glucuronidated form. This suggests that gut microbes are 

necessary for producing the free, physiologically active forms of NE and DA, consistent 

with known β-glucuronidase activity of the microbiota. Colonization of GF mice with E. 

coli and Clostridia bacteria resulted in an increase in free gut NE and DA levels, 
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suggesting an important role for particular gut microbes in the de-glucuronidation of 

catecholamines.  

 

The gut microbiota can also stimulate host production of catecholamines90. Tyrosine 

hydroxylase (TH), the rate limiting enzyme in catecholamine production, is 

transcriptionally regulated by the SCFA butyrate in PC12 cells, a cell line derived from the 

neural crest that can differentiate into neuron-like cells, which hints at a direct mechanism 

for microbial modulation of host catecholamine production91. Consistent with this, 

prebiotic treatment of piglets increased TH expression in the duodenum92. Further studies 

are required to elucidate whether butyrate-producers in particular alter TH expression, 

whether butyrate production regulates TH transcription in vivo, and how this affects host 

physiology.  

 

One study suggests that microbial regulation of gut DA levels is involved in intestinal 

disease. Active colitis is associated with dysbiosis of the gut microbiota, including 

increases in Enterobacteriaceae. Interestingly, treatment of colitic mice with vancomycin, 

which enriched Enterobacteriaceae, resulted in reduced fecal DA concentrations 

compared to mice treated with gentamicin, which decreased the abundance of 

Enterobacteriaceae93. These findings suggest a link between particular subsets of gut 

bacteria and intestinal DA levels. Additional experiments are required to determine which 

bacterial taxa are responsible for modulating DA concentrations, and whether this 

modulation occurs by direct synthesis/metabolism by bacteria, or via signaling to the host. 
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Importantly, whether microbiota-mediated changes in catecholamines sufficiently 

mediate particular symptoms of intestinal disease remains unclear.  

 

The BBB is generally impermeable to catecholamines, but L-DOPA and tyrosine, 

precursors for NE, DA, and epinephrine do cross the BBB94. Cerebral DA levels were 

approximately two times higher in GF mice compared to conventionalized controls95. GF 

mice also exhibited increased striatal turnover of DA and NE and higher levels of DA in 

the prefrontal cortex and brainstem as compared to conventionalized mice 32, 96. Further 

supporting microbiome-mediated regulation of brain catecholamine levels, probiotic 

administration of L. helveticus NS8 restored hippocampal NE levels in a chronic restraint 

model 33. In addition, probiotic administration of B. infantis decreased levels of 3,4-

dihydroxyphenylacetic acid (DOPAC) without altering DA levels significantly, suggesting 

abnormal DA metabolism35. Further studies are needed to evaluate microbial modulation 

of brain catecholaminergic derivatives and assess the consequences of microbe-based 

increases in DOPAC and NE on neurophysiology.  

 

Microbial Modulation of Neurotransmitters and Neurological Disease 

Changes in the gut microbiome are implicated in several neurodevelopmental, 

neurological and neurodegenerative diseases, including autism spectrum disorder (ASD), 

anxiety disorder, depression, Parkinson’s disease (PD), and Alzheimer’s disease (Table 

2). Additionally, animal studies reveal fundamental effects of microbiome manipulations 

on the development of neurophysiological and behavioral endophenotypes of disease. In 
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the following sections we focus on emerging roles for the microbiota and neurotransmitter 

dysregulation in anxiety and depression, PD and ASD.      

 

Microbial Effects on 5-HT and Implications for Anxiety and Depression 

Anxiety and major depressive disorder are associated with dysfunctions in serotonergic 

neurotransmission, including alterations in 5-HT synthesis, reuptake, and metabolism97, 

98. Interestingly, these disorders are often comorbid with GI problems, which has 

prompted interest in the role of the microbiota and GI dysfunction on core symptoms of 

disease. GF mice exhibit altered anxiety- and depression-related behavior compared to 

conventionally-reared mice31, 32, 99, and conventionalization of GF mice restores behavior 

to that of SPF mice31. In light of several studies reporting corresponding changes in 

peripheral and brain 5-HT metabolism (Table 2), additional research is required to 

determine whether any microbiota-associated changes in anxiety- and depression-

related behavior are sufficiently mediated by microbial modulation of 5-HT. Dysfunctions 

in GABAergic signaling are also associated with the development of depression and 

anxiety64, 100. Administration of L. rhamnosus modulated brain GABA receptor expression 

and reduced anxiety and depression-like behavior in mice. Interestingly, vagotomized 

mice did not respond to treatment, indicating that microbial signals may be conveyed via 

the vagus nerve. Overall, animal studies provide strong evidence that changes in the gut 

microbiota are associated with aberrant neurotransmission and altered behavioral 

phenotypes.  
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Several studies have reported changes in the composition of the gut microbiota in human 

depression patients relative to healthy controls 101-105 (Table 2). One found that 

depression-like behaviors could be induced in GF mice by fecal microbiota transplantation 

from depressed human patients105, suggesting that endophenotypes of depression are 

transmissible via the gut microbiota. Furthermore, administration of L. helveticus and B. 

longum reduced anxiety-like behavior in rats and alleviated psychological distress in 

human volunteers106. Additional research is necessary to determine whether specific 

alterations to the gut microbiota disrupt serotonergic neurotransmission in humans. 

Because independent studies have reported differential changes in microbiota 

composition associated with depression, well-powered cohorts with clinical sub-

classification based on background, symptom severity, medical co-morbidities and 

pharmacological exposure, among other variables, are needed to determine whether 

defined microbial signatures exist for subsets of patients with depression.  

 

The Microbiome and Dopamine in Parkinson’s Disease (PD) 

PD is a neurodegenerative disorder characterized by the aggregation of alpha-synuclein 

and loss of dopaminergic neurons in the substantia nigra, resulting in symptoms including 

tremor, rigidity, and bradykinesia. GI dysfunction is associated with PD107, 108, but it is 

unclear whether this is an effect of altered physiology or a causative factor implicated in 

the pathogenesis of the disease. Recent work suggested a link between microbial 

dysbiosis and PD. A study comparing the fecal microbiota of 72 PD patients to 72 control 

subjects found differences in gut microbiota characterized by decreased Prevotellaceae 

109. In addition, the relative abundance of Enterobacteriaceae was positively correlated 
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with motor symptoms of PD patients. Although a causal link between the gut microbiota 

and PD has not been established, these findings suggest that microbial dysbiosis is 

associated with PD disease progression.  

 

There are several proposed pathways by which gut microbes could influence PD 

etiopathogenesis. One hypothesis is that particular gut bacteria influence intestinal 

bioavailability of L-DOPA, a common treatment for PD. Eradication of Helicobacter pylori 

in PD patients increased absorption of L-DOPA110, suggesting that H. pylori utilizes L-

DOPA and thereby reduces bioavailability to the host111. L-DOPA interacted with H. pylori 

surface adhesins in vitro112 and increased bacterial growth111. Another route by which the 

microbiota may affect PD is by modulation of circulating lipopolysaccharide (LPS). In 

animal studies, LPS exposure damaged the substantia nigra, leading to endophenotypes 

of PD113. PD patients exhibited increased gut permeability compared to controls, which 

could contribute to the microbial dysbiosis observed in PD114. Additional work is 

necessary to determine whether particular changes in the gut microbiota actually 

contribute to disease. Experimental trials testing the efficacy of probiotics that produce L-

DOPA and/or DA are warranted. 

 

The Microbiome, Neuroactive Molecules and Autism Spectrum Disorder (ASD) 

ASD is an increasingly prevalent neurodevelopmental disorder characterized by 

stereotyped behaviors, social impairment and communication deficiencies115. ASD is 

comorbid with several medical conditions, including immune dysregulation, GI disorders, 

and altered metabolism, raising the question of whether these peripheral alterations 
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contribute to core behavioral symptoms of the disorder. According to several reports, the 

microbiome is significantly altered in autistic patients (Table 2).  

 

Evidence for microbial dysbiosis in contributing to core ASD behaviors have largely been 

provided by animal models. Compared to SPF controls, GF mice exhibit abnormalities in 

social interactions and communication, endophenotypes of ASD32, 116. In a mouse model 

of an autism risk factor, maternal immune activation (MIA), treatment of mice exhibiting 

behavioral symptoms of ASD with the B. fragilis corrected abnormalities in anxiety-like 

behavior, ultrasonic vocalizations, repetitive behavior and sensorimotor gating117. 

Notably, other deficits in sociability and social preference were not corrected. Although 

mechanisms underlying the beneficial effects of treatment are unclear, microbial 

modulation of the serum metabolome may contribute. In particular, increased in blood 4-

ethylphenylsulfate (4EPS) sufficiently induced anxiety-like behavior, and 4EPS was 

reduced by probiotic treatment. This suggests that microbiome-mediated alterations in 

neuroactive metabolites could modify particular ASD-related behaviors. In another model 

for ASD, offspring of maternal high fat diet (MHFD) mice exhibited ASD-related behaviors 

and deficits in oxytocin, a neuropeptide that promotes bonding and sociability, in the 

paraventricular nucleus118. Remarkably, probiotic treatment with live, but not heat-killed, 

L. reuteri sufficiently corrected deficits in social behavior and brain oxytocin. Additionally, 

since hypothalamic oxytocin activates dopaminergic neurons in the ventral tegmental 

area (VTA), MHFD offspring exhibited deficits in long term potentiation of VTA 

dopaminergic neurons that were ameliorated by L. reuteri. It will be interesting to evaluate 

whether combined probiotic formulations would effectively treat the characteristic 
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abnormalities in social, communicative and repetitive associated with ASD, and 

importantly, to determine whether these treatments in mice also ameliorate symptoms in 

humans. 

 

Conclusion: Neurotransmitters as interkingdom signaling molecules 

Produced from simple precursors, the evolutionary origins of neurotransmitters likely 

precede their use for neurotransmission in vertebrates119, as they are widely distributed 

throughout all domains of life. The synthesis and metabolism of neurotransmitters by both 

bacteria and eukaryotic host cells suggests that neurotransmitters are important factors 

for both intra- and interkingdom signaling. Particular bacteria, including members of the 

gut microbiota, synthesize and respond to neurochemicals, which exert varying effects 

on growth, quorum sensing, motility, and virulence. The gut microbiota further regulates 

both the ENS and CNS, by metabolic neuroendocrine signaling, modulation of the 

neuroimmune system, and innervation of sensory neurons that project to the brain or 

spinal cord. Neurotransmitters are key candidate signaling molecules for each of these 

pathways. As increasing evidence supports the importance of the gut microbiota for host 

brain and behavior, a greater understanding of the molecular mechanisms of 

communication along the microbiota-gut-brain axis is required. Further research is 

needed to elucidate the specific bidirectional interactions between indigenous microbes 

and host tissues, via factors such as neurotransmitters. Ultimately, understanding the 

mechanisms by which neurotransmitter signaling shapes and is shaped by the gut 

microbiota may lead to novel treatment strategies for a variety of GI, neurobehavioral, 

and neurological disorders. 
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Figure 3: Microbial modulation of neurotransmitters in the host. Treatment of animal 

models with indigenous gut microbes alters luminal, epithelial, blood and brain 

neurochemical levels. Mice raised germ-free (GF) exhibit decreased levels of 

catecholamines, GABA and 5-HT in the intestinal lumen, which correlates with decreased 

blood 5-HT and altered NE, 5-HT and DA metabolism in the brain. Colonization of GF 

with a consortium of spore-formers (Sp) restores levels of luminal and blood 5-HT by 

stimulating synthesis in colonic enterochromaffin (EC) cells. Mice colonized with either 

Sp, B. dentitium, or a full specific pathogen free (SPF) microbiome display increases in 

luminal GABA levels. While increased Enterobacteriaceae levels in the colon 

corresponded with decreased DA, colonization with Clostridia and E. coli increased free 

Sp 

↑5-HT 

Acetate 

↑hypothalamic 
GABA 

L. rhamnosus Entero- 
bacteriaceae 

↓DA 

L. helveticus 

↑hippocampal 5-HT  
↑hippocampal NE 

E. coli Clostridia 

↑DA  
(free) ↑GABA 

L. reuteri 

↑ hypothalamic 
oxytocin  

↑Oxytocin 

↑5-HT ↓SERT 

↑NE 
(free) 

Germ-Free 

↓NE  
↓DA  
↓GABA 
↓5-HT 

↓5-HT 

↓striatal NE  
turnover 
↑striatal 5-HT  
turnover 
↑cerebral DA  
↑hippocampal  
5-HT (males) 

↓5-HT 

FUNCTIONS IN BRAIN 
5-HT: mood, circadian rhythm, appetite, motor 
activity, sensory processing, pain, appetite, social 
and sexual behavior 

NE: attention, stress, wakefulness 

DA: reward system, motor function, social behavior 

GABA: primary inhibitory neurotransmitter 
Oxytocin: parturition, social behavior, reproduction 
!

FUNCTIONS IN BLOOD 
5-HT: platelet hemostasis, immunomodulation 

GABA: blood pressure, immunomodulation 

Oxytocin: wound healing, metabolism 

 

!

FUNCTIONS IN GUT 
5-HT: gastric emptying, satiety, motility, nausea, 
immunomodulation 

NE: motility, secretion, vasoconstriction 

DA: nutrient absorption, vasodilation or 
constriction, motility 

GABA: secretion, peristalsis, pain perception 

B. dentitium 
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DA levels. GABA, the primary source of neurotransmitter inhibition in the CNS, is 

increased in the hypothalamus of mice treated with acetate, an SCFA produced by 

microbial fermentation of dietary fiber. Treatment of mice with L. helveticus restored levels 

of hippocampal 5-HT and NE in a chronic mild stress model of anxiety, implicating the 

microbiome in modulating anxious behavior. L. reuteri colonization not only increased 

serum levels of oxytocin, L. reuteri also increased paraventricular nucleus oxytocin-

positive neurons and corrected deficits in social behavior.  

Neurotransmitter Microbial Producers Microbial Responders 

           Dopamine 
(DA) 
 
 

B. cereus, B. mycoides, B. 
subtilis, E. coli, Hafnia alvei, 
Lactobacillus helveticus, 
Morganella morganii, Klebsiella 
pneumonia, Proteus vulgaris, 
Pseudomonas aeruginosa, 
Serratia marcescens, 
Staphylococcus aureus9,[1] 

Enhanced growth: E. coli, Y. enterocolitica[2, 3], 
Klebsiella pneumoniae, P. aeruginosa[4], S. 
epidermidis[5], S. enterica[6].  
 
Enhanced swimming motility and virulence of 
Vibrio campbellii and Vibrio anguillarum[7]. 

Epinephrine 
 
 
 

N/A Enhanced growth: E. coli[3], Klebsiella 
pneumoniae, Pseudomonas aeruginosa, S. 
aureus[2], S. epidermidis[5], S. enterica[6]. Some 
Actinomyces, Eikenella corrodens, and 
Campylobacter[1]. 
 
Inhibited growth: Porphyromonas gingivalis and 
Bacteroides forsythus[1]. 
 
Enhanced chemotaxis: Pseudomonas 
fluorescens[8], E. coli O157:H7[9] (plus biofilm 
formation and upregulation of virulence genes) 

Norepinephrine 
(NE) 

 
 

 

B. cereus, B. mycoides, B. 
subtilis, B. mycoides, E. coli, 
Proteus vulgaris, Serratia 
marcescens9, [10] 

Enhanced growth: E. coli, Klebsiella pneumoniae, 
Pseudomonas aeruginosa, S. aureus [2], S. 
epidermidis[5], Yersinia enterocolitica[3], S. 
enterica[6], and Streptococcus pneumoniae6. 
Some Actinomyces, Eikenella corrodens, 
Enterobacteriaceae, Pseudomonadaceae, and 
Enterococcus[11]. 
 
Inhibited growth: Porphyromonas gingivalis and 
Bacteroides forsythus[1]. 
 
Enhanced chemotaxis: E. coli O157:H7[9] (plus 
biofilm formation and upregulation of virulence 
genes such as K99 pilus adhesin[12] and Shiga-



 
88 
 
 
 
 

like toxin[13]). Regulation of flagellar and motility 
genes: enterohemorrhagic E. coli (EHEC)[8, 14, 
15]. 
 
Enhanced the growth, swimming motility, and 
virulence of Vibrio campbellii, Vibrio 
anguillarum[7], and Pseudomonas aeruginosa, 
likely via the las quorum sensing pathway[16]. 
Enhanced virulence of Campylobacter jejuni[17]. 
Increased the growth and enterotoxin production 
of Salmonella typhimurium[18]. 

Acetylcholine 
(ACh) 

 
 

B. subtilis, E. coli, Lactobacillus 
plantarum[19], S. aureus[20, 
21] 

Inhibition of chemotaxis in P. fluorescens[8]. 
 
P. aeruginosa encodes an acetylcholinesterase 
enzyme (hydrolyzes acetylcholine)[22]. 

g-Aminobutyric 
acid (GABA) 

 
 
 

Bacteroides fragilis, 
Bifidobacterium longum, 
Enterococcus, E. coli[23], H. 
influenza, K. pneumoniae[24], 
Lactobacillus brevis, L. 
rhamnosus, Lactococcus 
lactis[25-29], P. aeruginosa, P. 
fluorescens, P. mirabilis, , S. 
aureus 

Enhanced growth: Gut Flavonifractor sp. (utilizing 
GABA produced by other bacteria)[30]. 
 
Glutamate decarboxylases: E. coli, Lactobacillus 
sp., and Streptococcus sp.[31-34]. GABA 
transport genes: L. plantarum, L. brevis[29, 35], 
B. angulatum, and B. adolescentis[36]. 
 
P. fluorescens has a GABA uptake system[37], 
and GABA causes increased cytotoxicity, altered 
LPS structure, and reduced biofilm formation[26]. 

Serotonin (5-HT) 
 
 

 

Detected in Ascaris suum 
intestine: Achromobacter, 
Acinetobacter, Aeromonas, 
Chromobacterium, Citrobacter, 
Corynebacterium, 
Enterobacteria agglomerans, 
Escherichia coli, Klebsiella 
pneumoniae, Listeria 
monocytogenes, Shigella, 
Staphylococcus aureus, 
Streptococcus[38]. Morganella 
morganii, Klebsiella 
pneumoniae, Hafnia alvei[39, 
40].  
Lactobacillus plantarum, 
Lactococcus lactis, 
Streptococcus 
thermophilus[41] 

Enhanced growth: Streptococcus faecalis[4], 
Escherichia coli[42], Enterococcus faecalis, and 
Rhodospirillum rubrum[39, 42-44]. 
 
Quorum sensing (promotion of biofilm formation 
and virulence): P. aeruginosa[45]. 
 
Cell aggregation in E. coli and Polyangium 
spp.[39, 43]. 
 
 

Tryptamine 

 

Clostridium sporogenes, 
Ruminococcus gnavus[46] 
(using tryptophan 
decarboxylases) 

N/A 
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Table 2 Microbial Production and Utilization of Neurotransmitters 

 

ANXIETY AND DEPRESSION 
      

Model  Perturbation  
Microbiome 
Change 

Associated 
Neurochemical/Neurochemical 
Precursor/Receptor Changes  

Changes in 
Behavior 

Referen
ce 

Mouse: 
BALB/c 

treatment with 
L. rhamnosus 
(JB-1) Not reported 

↑GABAAα2R in hippocampus 
↓GABAAα2R PFC, amygdala 
↑GABAB1bR in cingulate 1, prelimbic 
cortices 
↓GABAB1bR in basolateral 
amygdala, central amygdala, locus 
coeruleus, cornus ammonis region 1 

↓corticosterone-
induced stress, 
anxiety, depression 64 

Mouse: 
NMRI GF vs. SPF 

No bacteria 
in GF  

↑5-hydroxytryptophan (5-HTP) and 
5-hydroxyindoleacetic acid (5-HIAA) 
in hippocampus for males, ↑plasma 
tryptophan for males 

↓anxiety and 
depression-related 
behavior 31, 32 

Mouse: 
Female 
Swiss 
Webst
er  GF vs. SPF 

No bacteria 
in GF  

↓N-methyl-D-aspartate (NMDA) 
receptor subunit NR2B expression 
in amygdala, ↑brain derived 
neurotrophic factor (BDNF) and ↓5-
hydroxytryptophan 1A receptor 
(5HT1AR) expression in dentate 
layer of hippocampus 

↑anxiety-like 
behavior  99 

Mouse: 
Male 
Swiss GF vs. SPF 

No bacteria 
in GF  

↑delta FBJ murine osteosarcoma 
viral oncogene homolog B (ΔFosB) 
expression in dorsal raphe nucleus, 
indirectly implicates effects on 
serotonergic neurotransmission 

↑anxiety-like 
behavior  129 

Mouse: 
BALB/c GF vs. EX-GF 

No bacteria 
in GF vs. full 
microbiome 
in EX-GF 

↑norepinephrine (NE), ↑dopamine 
(DA) turnover in brainstem and 
medial prefrontal cortex, ↑serotonin 
(5-HT) turnover rates in striatum 

↓anxiety-like 
behavior in EX-GF 
mice 96 

Mouse: 
NIH 
Swiss 

SPF vs. 
antibiotic-
treated 

Bacterial 
depletion 
with 
antibiotic 
treatment 

↑serum tryptophan, ↓serum 
kynurenine, ↓BDNF expression in 
hippocampus, ↓hypothalamic 
oxytocin and vasopressin, 
↑hippocampal NE and 5-HIAA, ↑l-
3,4-dihydroxyphenylalanine(L-
DOPA) in amygdala 

↓anxiety-like 
behavior in 
antibiotic-treated 
mice 116 

Mouse: 
BALB/c
; NIH 
Swiss 

GF vs. SPF vs. 
EX-GF  

No bacteria 
in GF vs. 
administratio
n of full 

No change in DA, 5-HT, or NE level 
in small intestine and colon 

↓anxiety-like 
behavior in 
antimicrobial-
treated mice 130 
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microbiome 
in EX-GF  

Mouse: 
Female 
C57BL/
6  

Olfactory 
Bulbectomy 
(OBx) model  

Alteration in 
OBx 
microbiome 
relative to 
sham control 

↑central corticotropin-releasing 
hormone (CRH) expression, ↑colon 
5-HT 

↑anxiety and 
depression-related 
behavior 131 

Mouse: 
Male 
CF-1 

Campylobacter 
jejuni infection 

↑cecal 
Campylobact
er jejuni 

↑c-Fos immunoreactivity for 
catecholaminergic neurons in 
ventrolateral medulla and NTS , 
activation of noradrenergic neurons 
in locus coerculus, activation of 
dorsal raphe neurons (minor 
proportion of these serotonergic), 
activated serotonergic neurons in 
ventromedial medulla lateral to 
raphe magnus 

↑anxiety-like 
behavior  132 

Rat: 
Male 
F344 GF vs. SPF 

No bacteria 
in GF 

↓DA turnover rate in frontal cortex, 
hippocampus, striatum in GF 
relative to SPF 

↑anxiety-like 
behavior 133 

Rat: 
Spragu
e-
Dawley 

treatment with 
L. helveticus  Not reported 

↑BDNF expression, 5-HT, NE in 
hippocampus 

↓anxiety-like 
behavior 33 

Rat: 
Wistar 

treatment with 
L. helveticus 
and B. longum Not reported Not reported 

↓anxiety-like 
behavior 106 

Rat: 
Matern
al 
Separa
tion 
Model 

treatment with 
Bifidobacterium 
infantis Not reported Correction of NE brainstem deficits 

↓depressive 
behavior 35 

Rat: 
Flinder
s 
Sensiti
ve vs. 
Control 
Line  

Sodium 
butyrate  Not reported 

↑BDNF expression in prefrontal 
cortex 

↓depressive 
behavior 134 

Human 

treatment with 
L. helveticus 
and B. longum Not reported Not reported 

↓psychological 
distress 106 

Human
: 
Depres
sion 
vs. 
Control None 

Association 
with 
Faecalibacte
rium, 
Alistipes, 
Ruminococc

Particular bacterial taxa associated 
with isovaleric acid, which can cross 
the BBB and inhibit Na+/K+-ATPase Not reported 135 
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us, 
Oscillibacter 

Human
: 
Depres
sion 
vs. 
Control None 

↑Bacteroidal
es, 
↓Lachnospir
aceaeaassoc
iation with 
Alistipes and 
Oscillibacter 

Oscillibacter produces valeric acid, 
which is structurally similar to GABA 
and binds to GABAA receptors Not reported 103 

      
AUTISM 

Model  Perturbation  
Microbiome 
Change 

Associated 
Neurochemical/Neurochemical 
Precursor/Receptor Change  

Changes in 
Behavior 

Referen
ce 

Mouse: 
Matern
al High 
Fat 
(MHFD
) vs. 
Control 
Diet 

Probiotic 
treatment with 
L. reuteri 

Prior to 
probiotic, 
MHFD 
offspring 
exhibit 
reduced 
microbiome 
diversity 

Restoration of paraventricular 
nucleus oxytocin deficits seen in 
MHFD offspring 

Corrected social 
behavior deficits 
seen in MHFD 
offspring 118 

Mouse: 
Autism 
(Mater
nal 
Immun
e 
Activati
on 
(MIA) 
Model) 

Probiotic 
treatment with 
B. fragilis 

↑Porphyrom
onadaceae, 
Prevotellace
ae, 
Bacteroidale
s, 
Lachnospira
cea; B. 
fragilis in 
MIA  Not reported 

Corrected anxiety-
like behavior, 
communicative, 
repetitive, 
sensorimotor 
behavior 117 

Mouse: 
Autism 
(Prenat
al 
Exposu
re to 
Valproi
c Acid 
(VPA)) VPA Exposure 

↓Bacteroidet
es, 
↑Firmicutes 

↓5-HT in amygdala and prefrontal 
cortex in males, ↓intestinal 5-HT in 
males, ↓prefrontal dopaminergic 
activity without alteration of DA level 
in males, ↓DA D1 and D2 receptors 
in males 

↓social interaction, 
↑stereotyped 
behavior, ↑anxiety-
like behavior, 
↓communication, 
↓spatial learning, 
↓object exploration 136 

Rat: 
Autism 
(Prenat
al 
Exposu
re to 
VPA) VPA Exposure 

Not reported, 
but altered in 
murine 
models 

Abnormal distribution of 
serotonergic neurons in embryos, ↓ 
and ↑5-HT measurements in 
hippocampus depending on study, 
↑frontal cortex dopamine, 
hyperserotonemia 

↓Performance on 
cognitive tasks, 
↓social interaction 137-141 
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Human
: 
Pediatr
ic 
Autism 
vs. 
Control None 

↑Clostridace
ae, 
↓Faecalibact
erium,  
↑Bacteroidet
es, 
↓Bifidobacter
ium, 
↑Akkermansi
a 
muciniphila, 
↑Sutterella 

↑Glutamate in fecal samples of 
children with autism N/A 142 143 

      
PARKINSONS DISEASE (PD) 

Model  Perturbation  
Microbiome 
Change 

Associated Neurochemical 
Change  

Changes in 
Behavior 

Referen
ce 

Human
: 
Eradic
ation 
therapy 
vs. 
antioxi
dant 
control 

Eradication 
(omeprazole, 
amoxicillin, 
chlarithromycin)  

Depletion of 
H. pylori 

↑L-DOPA intestinal absorption 
relative to antioxidant control, 
measured in plasma 

↓Global Clinical 
Score, indicating 
reduced PD 
symptoms 110 

Rat: 
SHR 

Intranigral 
injection of 
lipopolysacchari
de (LPS) from 
E. coli Not reported 

↓Substantia nigral dopaminergic 
neurons and DA levels, ↓striatal DA 
and DA metabolite levels Not reported 144, 145 

Human
: PD 
vs. 
Control None 

↓Prevotellac
eae, 
↑Lactobacilla
ceae 

↓Ghrelin, which regulates 
dopaminergic function in the 
substantia nigra N/A 109 

 

Table 3: Associations between Microbial Alterations, Neurochemical Changes, 
and Symptoms of Neurological Disease 
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Abstract 

 

The diverse collection of microorganisms that inhabit the gastrointestinal tract, collectively 

called the gut microbiota, profoundly influences multiple aspects of host physiology 

including nutrient metabolism, resistance to infection and immune system development. 

An emerging concept known as the “microbiota-gut-brain axis” illustrates a critical role for 

the gut microbiota in orchestrating brain development and behavior and the function of 

the neuroimmune system. The gut microbiota regulates the maturation and function of 

tissue-resident immune cells in the central nervous system such as microglia. Microbes 

also influence the activation of immune cells in periphery, which regulate responses to 

neuroinflammation, brain injury, autoimmunity and neurogenesis. Accordingly, both the 

gut microbiota and immune system have been implicated in the etiology and 

pathogenesis of neurodevelopmental, psychiatric and neurodegenerative diseases, such 

as autism spectrum disorder, depression, Alzheimer’s disease and Parkinson’s disease. 

Furthermore, associations between microbial dysbiosis and clinical readouts also suggest 

a role for the gut microbiota and immune system in human neurological diseases. In this 

review, we discuss the complex interplay between the gut microbiota, nervous and 

immune systems, which collectively impact brain health and disease. 
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Introduction 

 

Far from an immune privileged site, the brain harbors resident immune cells that defend 

against infection and injury, while also supporting neurons in remodeling circuit 

connectivity and regulating plasticity. Molecules traditionally acknowledged for their roles 

in the peripheral immune system are now being recognized for their importance in normal 

neurodevelopment. Cytokines regulate neuronal differentiation and axonal pathfinding1; 

the complement system tags target cells for synaptic pruning2, and MHC class I proteins 

modulate neurite outgrowth and synaptic plasticity3, redefining immune molecules as 

fundamental signaling factors in normal brain development. Conversely, several factors 

traditionally acknowledged for their roles in the central nervous system (CNS) are 

becoming increasingly recognized for their roles in the immune system. Various leukocyte 

subtypes produce and respond to common neurotransmitters4,5,6,7, and stimulated 

subsets of brain neurons modify peripheral responses to immune activation8. Bidirectional 

communication between the nervous and immune systems is further facilitated by the 

recently defined brain lymphatic system, which connects peripheral lymphatic tissues to 

the CNS, and the blood brain barrier (BBB), which regulates passage of immune factors 

and cells9,10. 

 

The diverse collection of microorganisms that inhabit the gastrointestinal tract, collectively 

called the gut microbiota, profoundly influences the maturation and function of the 

immune system, as well as brain development and behavior. There is an increasing 
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appreciation that the gut microbiota fundamentally regulates interactions between the 

nervous and immune systems. Key pathways and factors for signaling between the 

immune system and CNS are modulated by the gut microbiota. The development and 

function of resident brain immune cells are altered in response to changes in the gut 

microbiome. Particular microbial products synthesized de novo or induced by stimulation 

of host cells act directly on resident immune cells. Moreover, the microbiome can activate 

peripheral immune cells, which then send signals to neural cells or traffic into the brain 

itself. Such effects of indigenous gut bacteria on nervous-immune system communication 

have important implications for normal neurophysiology and neurological disease.  

 

Development and function of brain resident immune cells 

 

Microglia 

 

Microglia are the most abundant resident immune cells in the CNS, comprising 5-20% of 

glial cells11,12. Derived from yolk sac erthyromyeloid progenitors that enter the 

neuroepithelium during mid-gestation and continuously self-renew under typical 

circumstances11,12,13, microglia perform canonical functions of myeloid cells, including 

phagocytosis, antigen presentation, cytokine signaling and inflammatory activation12,14. 

However, microglia are also unique in several respects. Their extensive ramified 

processes enable rapid immune surveillance and clearance of debris and infectious 

agents, taking an estimated 2-5 hours to survey the entire brain with limited physical 

migration14,15. Microglia exhibit a wide spectrum of activation states, where those that 
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display an M1 phenotype generally exhibit pro-inflammatory features, while those that 

align with an M2 phenotype are generally associated with neuroprotective responses16,17. 

Microglia also perform specific functions during neurodevelopment, tagging and clearing 

synapses for pruning, promoting neuronal circuit wiring and producing cytokines and 

chemokines that guide neuronal differentiation11,12,17,18.  

 

The microbiome influences microglial maturation and function (Fig. 1a) . Germ free (GF) 

mice, raised in the absence of microbial colonization, had increased numbers of immature 

microglia across gray and white matter of the cortex, corpus callosum, hippocampus, 

olfactory bulb and cerebellum19. These microglia exhibited longer processes and 

increased branching, with elevated expression of CSF1R, F4/80, and CD31, factors which 

typically decrease with progressive development toward an adult-stage phenotype19. 

Similar increases in immature microglia were observed after antibiotic treatment of 

conventionally-raised mice, though the overall number of microglia remained 

unchanged19. This suggests differential effects of the microbiota on microglia that are 

dependent upon developmental timing and/or duration of microbial colonization. 

Consistent with this, newborn differed from adult microglia in GF mice with respect to 

gene expression compared to their age-matched conventionally-colonized controls13. 

Several genes were downregulated in GF microglia, but a greater number of genes were 

more substantially downregulated in microglia from adult GF mice compared to those 

from newborns. The finding that microglia from newborn GF mice display altered gene 

expression profiles compared to those from newborn conventionally-colonized mice 
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raises the question of whether there is an effect of the maternal microbiome on early life 

programming of microglial development.  

 

Microglia from adult GF mice were also functionally impaired in response to challenge 

with lipopolysaccharide (LPS) or lymphocytic choriomeningitis virus (LCMV), maintaining 

altered morphology and exhibiting attenuated immune activation, including impaired 

induction of pro-inflammatory cytokines Interleukin-1β (IL-1β), interleukin-6 (IL-6) and 

tumor necrosis factor α (TNFα)13,19. This functional deficit aligns with the finding that naïve 

adult microglia from GF mice have decreased expression of several genes relevant to 

interferon responses, innate responses to stimulation, viral defense and effector 

processes13. 

 

While the precise mechanisms by which gut microbes influence brain microglia remain 

unclear, there appears to be some specificity of microglial modulation to particular 

bacterial taxa of the gut microbiota. GF mice that were colonized with a minimal 

community of three bacterial species: Bacteroides distasonis, Lactobacillus salivarius and 

a member of Clostridium cluster XIV, maintained abnormalities in microglia. This suggests 

that microbial effects on microglia are not regulated by bacterial load in general, but 

require greater diversity of the gut microbiota or are conferred by particular microbial 

species and functions not represented by the minimal community tested.  

 

Notably, GF-associated alterations in microglial morphology, abundance and gene 

expression were normalized by postnatal supplementation with short chain fatty acids 
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(SCFAs), primary products of bacterial fermentation19,20, raising the question of whether 

particular SCFA-producing bacterial species specifically restore abnormalities in 

microglia seen in GF or antibiotic-treated mice. Consistent with a role for SCFAs in 

mediating effects of gut microbes on brain microglia, conventionally-colonized mice 

harboring a deletion in the SCFA receptor G Protein-Coupled Receptor 43 (GPR43), 

encoded by Free Fatty Acid Receptor 2 (FFAR2), exhibited abnormalities in microglia that 

were analogous to those seen in microbiota-depleted mice. While microglia are known to 

express GPR43 directly, whether the effects of the microbiota on microglia are mediated 

by direct signaling of SCFAs to microglia is unclear. Indeed, SCFAs are involved in a 

broad array of functions that influence gastrointestinal physiology, peripheral immunity, 

liver metabolism and even BBB integrity, which could mediate or contribute indirectly to 

effects on microglia. Future studies targeting specific bacterial taxa, specific SCFAs 

(acetate, propionate, butyrate) and conditional microglia-specific knockout of FFAR2 are 

warranted.   

 

Whether the microbiota affects microglial function during early postnatal development is 

not known but could have important implications for brain development and later life 

behavior. During early postnatal life, microglia are integral for synaptic pruning, tagging 

synapses for clearance with complement proteins based on neural activity21. Early life 

exposure of conventionally-colonized mice to subtherapeutic antibiotic treatment (STAT) 

resulted in elevated cecal levels of SCFAs compared to controls22, raising the possibility 

that such alterations in SCFAs could impact microglia during early postnatal development. 

Moreover, early life disruption of the microbiota by antibiotic exposure and in response to 
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Caesarian section are associated with chronic diseases later in life, including increased 

risk for neurodevelopmental diseases such as autism spectrum disorder. In addition, 

several neurological disorders, including Parkinson’s disease (PD), multiple sclerosis 

(MS), anxiety disorder, depression, stroke and amyotrophic lateral sclerosis (ALS), are 

each associated with both dysregulated microglia and dysbiosis of the gut microbiome 

(Table 1). Whether microbial effects on microglial maturation and function contribute to 

the pathogenesis of neurodevelopmental and neurological diseases involving microglial 

disruptions are important questions for future study. 

 

Astrocytes 

 

Astrocytes, comprising 20-40% of cells in the brain, exhibit a diverse array of functions, 

including the regulation of BBB integrity, ion gradient balance, neurotransmitter turnover, 

cerebral blood flow and nutrient transport23,24,25,26. Astrocytes integrate information from 

numerous adjacent glial, neuronal, vascular and immune cell types to regulate neural 

excitability27 and synapse formation28. Additionally, astrocytes are important for brain 

metabolism; as the main site of glycogen storage in the brain, astrocytes provide support 

when the brain is hypoglycemic26. Though they derive from neural progenitor cells (NPCs) 

of the neuroectoderm27, astrocytes also perform immune-related functions, expressing 

pattern recognition receptors (PRRs) for detection of microbial-associated molecular 

patterns (MAMPs) and modulation of neuroinflammatory responses23.  
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The gut microbiota modulates astrocyte activity via microbially-derived metabolites that 

activate astrocyte aryl hydrocarbon receptors (AHR)29 (Fig. 1b). Type I interferon (IFN-I) 

signaling in astrocytes attenuates inflammation and symptoms of experimental 

autoimmune encephalomyelitis (EAE) in mice, an effect mediated in part by activation of 

AHRs. Tryptophan derivatives produced by dietary metabolism by the gut microbiome are 

natural ligands of AHRs. Consistent with this notion, depletion of the gut microbiota using 

the antibiotic ampicillin decreased levels of the AHR agonist indoxyl-3-sulfate (I3S) and 

worsened EAE disease scores29. Supplementation of antibiotic-treated mice with 

bacterial tryptophanases, which converts tryptophan to indole, or with indole itself, 

improved EAE recovery. Similarly, decreases in EAE clinical score were enhanced by 

peripheral administration of I3S, indole-3-aldehyde (IAld, another AHR agonist) or 

consumption of an indole-supplemented diet29. In human astrocytes, I3S also reduced 

expression of pro-inflammatory factors, including C-C Motif Chemokine Ligand 2 (CCL2), 

Tumor Necrosis Factor (TNF), Nitric Oxide Synthase 2 (NOS2), and IL629. While much 

remains to be explored with regards to particular microbial taxa that regulate astrocyte 

function, the gut bacterium Lactobacillus reuteri is of interest because it is known to 

produce IAld from dietary tryptophan29,30.  

 

Whether other functions of astrocytes are affected by the microbiome is unclear. 

Depletion of the gut microbiome was associated with increased permeability of the BBB 

and alterations in tight junction expression across the frontal cortex, striatum and 

hippocampus31. While monocolonization with the butyrate-producer Clostridium 

tyrobutyriticum or supplementation with the SCFA sodium butyrate alone sufficiently 
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corrected abnormalities in BBB integrity, the particular molecular and cellular signaling 

mechanisms remain unclear. As astrocyte endfeet are primarily responsible for forming 

the BBB and regulating permeability, future studies should examine whether effects of 

the microbiota on BBB integrity involve regulation of astrocytes via butyrate signaling.    

 

Innate and adaptive immune cells in the CNS  

 

Aside from microglia and astrocytes, several other innate and adaptive immune cells are 

resident in the CNS, including perivascular macrophages, CD4+ T lymphocytes, CD8+ T 

lymphocytes and mast cells14,18,32,33. While effects of the microbiota on these brain 

resident immune cells have not been described, several studies reveal that the 

microbiota, and in some cases particular bacterial species, modulate peripheral myeloid 

cells, T cells and mast cells34, which share common hematopoietic progenitors with the 

brain subsets. For example, the microbiota is a major regulator of hematopoiesis, 

impacting myeloid development in both the embryonic yolk sac and bone marrow35, which 

are sources of brain microglia and perivascular macrophages, respectively. It would be 

interesting to determine whether these effects on peripheral hematopoietic progenitors 

result in alterations in brain parenchymal, perivascular, meningeal and/or tissue-resident 

immune cells. Since parenchymal CNS macrophages, and choroid plexus macrophages 

in particular14, localize close to the vasculature8, future studies are needed to test whether 

circulating factors that are regulated by the microbiome influence these subsets of brain 

immune cells.  
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Peripheral immune cell responses and neuroimmune interactions 

 

CNS inflammation and injury  

 

Indigenous bacteria are potent regulators of mucosal and systemic immune responses 

and significantly contribute to the development of inflammatory disorders including those 

affecting the CNS (Fig. 2). In EAE, GF or antibiotic-treated mice were protected from the 

development of EAE compared to conventional mice36,37, suggesting a role for the gut 

microbes in CNS inflammation. Studies investigating the contribution of specific members 

of the microbiota have revealed complex interactions between indigenous bacteria and 

CNS inflammation. Segmented filamentous bacteria (SFB) are epithelial-associated 

bacteria that promote the development of IL-17A-producing CD4+ T cells in the mouse 

small intestine38,39. Colonization of GF mice with SFB alone was sufficient to promote 

EAE compared to GF controls36. Since IL-17A is a critical inflammatory component of 

EAE40, these data suggest that SFB-elicited TH17 cells are responsible for the 

development of EAE. Indigenous bacteria that promote immunoregulatory responses 

have been associated with protection against EAE. The human gut bacterium Bacteroides 

fragilis induces IL-10-producing regulatory (Treg) cells  in the mouse colon via the bacterial 

expression of polysaccharide A (PSA)41,42. While antibiotic-treated mice were protected 

from EAE, re-colonization with PSA-deficient but not wild-type B. fragilis restored EAE 

susceptibility37,43. Regulation of EAE development by PSA is dependent on Treg cells43. 

Consistent with these findings, oral treatment of wild-type mice with PSA provided 

protection from CNS demyelination and inflammation through a TLR2-dependent 
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pathway44, 45. Recognition of PSA through TLR2 resulted in expression of CD39 on CD4+ 

T cells in the cervical lymph node, which represented a subset of CD4+ T cells that have 

enhanced immunosuppressive properties45. Gut microbiota-derived metabolites 

produced by spore-forming members of the Firmicutes phylum have also been implicated 

in protection from EAE. Treatment of mice with SCFAs reduced EAE and axonal damage 

through increased Treg differentiation46. More recently, it was demonstrated that intestinal 

microbes promote a subset of autoreactive intraepithelial lymphocytes (IELs) in myelin 

oligodendrocyte glycoprotein (MOG)-specific T cell receptor (TCR) transgenic 2D2 mice. 

These MOG-specific CD4+ IELs were immunosuppressive and could protect wild-type 

mice from EAE in a LAG-3-dependent manner when adoptively transferred47. Altogether, 

indigenous bacteria significantly influence the degree of CNS inflammation through 

modulation of pro- and anti-inflammatory mucosal and systemic immune responses. 

Despite these findings, whether antigen-specific responses or bystander activation of 

immune cells by indigenous bacteria is involved in regulation of CNS inflammation has 

not been fully explored and requires further investigation.  

 

Probiotic administration has been demonstrated to be beneficial in treating a number of 

chronic inflammatory diseases. Chronic inflammatory diseases such as inflammatory 

bowel disease and chronic liver disease are commonly associated with impaired brain 

function and associated sickness behaviors. Administration of probiotics can improve 

these debilitating symptoms by modulating peripheral immune pathways. In the bile duct 

ligation model of liver inflammation, mice routinely developed social disabilities, which 

were ameliorated following ingestion of the VSL3 probiotic cocktail48. Although probiotic 
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treatment did not alter gut microbiota composition, it reduced the amount of circulating 

TNF-α and monocyte accumulation in the brain, suggesting that probiotics may regulate 

the ability of chronic inflammatory responses to influence brain function. Age-related 

deterioration of cognitive function is usually manifested by loss of neural plasticity and 

impaired long-term potentiation (LTP). Treatment with VSL3 altered the gut microbiota 

and attenuated age-related reductions in LTP49, suggesting that modulation of the 

microbiota can positively influence neural function. However, whether probiotics improve 

brain function by modulating peripheral immune responses requires further investigation. 

 

Besides CNS inflammation, the microbiota also plays a critical role in regulating the 

pathogenesis and resolution of brain injury. In a mouse model of middle cerebral artery 

occlusions (MCAO)-induced ischemic brain injury, mice treated with antibiotics displayed 

reduced infarct volume and improved sensorimotor function50. Neuroprotection was 

associated with reduced infiltration of small intestine IL-17+ γδ T cells into the meninges, 

suggesting that indigenous bacteria control immune responses to brain injury by 

regulating lymphocyte trafficking from the gut to the brain. A similar study showed that 

MCAO resulted in intestinal dysbiosis and transfer of the MCAO microbiota to GF animals 

led to increased pro-inflammatory cytokine production in the intestine and brain as well 

as increased infarct volumes. While these data suggest that indigenous bacteria induce 

immune responses to promote brain injury, they may also regulate immune responses 

that are neuroprotective. Transfer of fecal microbiota from naïve animals to MCAO mice 

reduced brain lesions volumes in wild-type but not Rag1-/- animals, suggesting a critical 

role for the adaptive immune system in protection from stroke51. GF or antibiotic-treated 
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mice have skewed systemic type 2 immune responses such as elevated serum IgE, 

basophilia and Th2 cells52,53. Induction of RORγt+ Treg cells in the colon by SCFA-

producing bacteria, which limits TH2 responses, was recently proposed as a mechanism 

for elevated TH2 cells in microbiota-depleted mice52,54. In a mouse model of spinal cord 

contusion injury, IL-4 derived from CD4+T cells played a key role in axonal regrowth55. 

Interestingly, CD4+ T cells from Myd88-/- mice produced less IL-4 in this model, suggesting 

that bacterial ligands or IL-1 cytokine family members regulate CD4+ T cell responses in 

the CNS. Consistent with a role for IL-1 family cytokines, it was subsequently 

demonstrated that IL-33 released by damaged oligodendrocytes activated a tissue-

protective innate immune response56. Despite these data, whether indigenous bacteria 

directly modulate tissue-protective type 2 immune responses in the CNS remains to be 

determined.  

 

The humoral immune system and CNS autoimmunity  

 

In addition to T cell-mediated mechanisms of CNS autoimmunity, B cells also play a 

critical role in the generation of CNS-reactive autoantibodies and the pathogenesis of 

neuroinflammatory disorders57,58. Intestinal microbes impact the development of 

behavioral disorders through modulation of humoral immune responses and antigen 

mimicry. Streptococcal infection is often associated with the generation of CNS-reactive 

antibodies that lead to behavioral abnormalities collectively known as pediatric 

autoimmune neuropsychiatic disorders associated with streptococcal infection 

(PANDAS). In the PANDAS animal model where mice are immunized with group A β-
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hemolytic Streptococcus, these mice developed a variety of behavioral abnormalities 

such as impaired motor coordination and repetitive rearing behavior59. Transfer of 

complete, but not IgG-depleted, sera from immunized mice was sufficient to induce 

behavioral deficits, suggesting that bacterial infection-induced autoantibodies are critical 

to the development of PANDAS. Autoantibodies have also been implicated in the 

development of eating disorders and indigenous bacteria appear to be involved in their 

generation. Antibodies produced in response to the heat-shock protein ClpB derived from 

the bacterium E. coli cross-react with the α-melanocyte-stimulating hormone (α-MSH), a 

peptide critically involved in food intake60. Oral administration of wild-type but not ClpB-

deficient E. coli resulted in the generation of ClpB- and α-MSH-reactive antibodies and 

decreased food intake. These preliminary findings indicate a role for indigenous bacteria-

induced autoantibodies in behavioral disorders and provide the groundwork for future 

studies. 

 

Neurogenesis 

 

Recent data indicate that indigenous bacteria play a critical role in regulating 

neurogenesis. Bacterial cell wall components have the capacity to cross the maternal-

fetal interface in pregnant dams, and activation of TLR2 by bacterial cell wall components 

leads to cortical neuroproliferation and impaired cognitive function in the developing 

fetus61. These data suggest that the maternal microbiome could regulate neurogenesis 

and subsequent behavioral changes in the developing offspring. Studies assessing adult 

hippocampal neurogenesis in GF mice revealed increased proliferation in these 
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animals62, indicating a role for the microbiota in regulating adult neurogenesis. However, 

colonization of GF mice post-weaning did not reduce neuronal cell proliferation to 

conventional levels, suggesting that there is a critical window in which indigenous bacteria 

regulate this process. In contrast, it was recently demonstrated that antibiotic treatment 

decreases hippocampal neurogenesis and spatial and object recognition, which could be 

restored by exercise and probiotic VSL3 treatment63. Both exercise and probiotics were 

associated with increased Ly6Chi monocytes in the brain. Depletion of monocytes 

reduced neurogenesis while adoptive transfer of monocytes to antibiotic-treated mice 

increased neurogenesis, identifying circulating monocytes as a novel cellular mediator of 

gut-brain communication. Despite the discrepancy in these studies, indigenous bacteria 

appear to regulate neurogenesis. More studies are necessary to precisely define host-

microbial interactions in the context of neurodevelopment. 

 

Impacts on behavior and endophenotypes in neurological disorders 

 

Social communication and autism spectrum disorder  

 

Changes in microbiota composition are linked to the development of behavioral disorders 

such as anxiety, depression and autism64,65. Recent studies have begun to elucidate the 

cellular and molecular pathways by which indigenous microbes regulate the development 

and progression of these disorders. In the maternal immune activation (MIA) animal 

model of autism spectrum disorder (ASD) in which administration of the TLR3 agonist 

poly(I:C) in pregnant dams results in offspring with behavioral phenotypes similar to those 
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observed in autism, MIA offspring exhibited increased intestinal permeability and 

alterations in the composition of the gut microbiota66. Administration of the human gut 

bacterium B. fragilis partially improved microbiota dysbiosis and behavioral abnormalities 

in MIA offspring. However, PSA-deficient B. fragilis and some other Bacteroides members 

were also able to protect MIA offspring, suggesting that alterations of these behaviors 

was not due to PSA-specific modulation of mucosal and systemic immune responses. 

Instead, it was proposed that B. fragilis treatment altered the composition of serum 

metabolites and reduced the anxiety-associated molecule 4-ethylphenylsulfate (4EPS). 

Further support for a link between intestinal dysbiosis and these symptoms was provided 

by a recent study, which demonstrated that a maternal high fat diet (MHFD) resulted in 

significant changes to the offspring microbiota and abnormal social behavior67. Transfer 

of the control but not MHFD diet microbiota from offspring to GF mice improved their 

social impairments, suggesting a causal relationship between intestinal dysbiosis and 

these behavioral readouts. When Lactobacillus reuteri, a bacterial strain that was reduced 

in the MHFD offspring, was re-introduced, social deficits were corrected. It was proposed 

that behavioral abnormalities in MHFD offspring was due to reduced expression of the 

neuropeptide oxytocin in the hypothalamus and reduced activity of the dopaminergic 

reward system. Collectively, these data support the idea that the gut microbiota can 

impact symptoms of neurodevelopmental disorders through modulation of the host 

metabolome and neuropeptide production. 

 

Despite these data, the host immune system, which is dynamically regulated by the gut 

microbiota, also plays a critical role in the development of these behavioral phenotypes 
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in MIA offspring. Poly(I:C) injection of pregnant dams resulted in elevated systemic levels 

of the pro-inflammatory cytokines IL-6 and IL-17A68,69. Consistent with a role for immune 

dysregulation in the MIA model, bone marrow reconstitution reduced repetitive and 

anxiety-like behavior in MIA offspring69. To identify immune signals that contribute to 

disease in this model, it was shown that administration of IL-6 in offspring was sufficient 

to trigger abnormal behaviors and that blockade of IL-6 but not IFN-γ, IL-1α and TNF-α in 

pregnant dams reduced behavioral phenotypes induced by MIA70. More recently, IL-17A 

was implicated as a critical inflammatory mediator in the MIA model. MIA offspring from 

mice lacking T cell-derived IL-17A were protected from developing these behavioral 

phenotypes68. Furthermore, intraventricular IL-17A administration in fetuses was 

sufficient to elicit behavioral abnormalities. Given the function of IL-6 in promoting 

differentiation of TH17 cells, these data suggest that IL-6 and IL-17A act in concert to 

promote disease induced by MIA. Since IL-17A and TH17 cells are immune pathways that 

are sensitive to changes in the composition of the gut microbiota, these findings also raise 

the possibility that MIA-induced immune dysregulation is linked to intestinal dysbiosis. 

Further studies are required to address the contribution of indigenous bacteria in immune 

dysregulation and disease outcome in ASD. 

 

Stress, anxiety and depression 

 

Depression is a mood disorder characterized by melancholy, anxiety and emotional and 

physical exhaustion. Although experts have long suspected that the molecular basis for 

depression arises from neurochemical imbalances in the brain, the precise etiology of 
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depression is not known and appears to involve a number of environmental factors such 

as exposure to physical and psychological stress, activation of the immune system, and 

more recently, interactions between the host and microbiome. The idea that indigenous 

gut microbes can influence depressive behaviors is supported by studies using GF mice 

and mice treated with antibiotics or probiotics. Numerous studies have reported that mice 

lacking a normal gut flora display reduced basal and stress-induced anxiety- or 

depressive-like symptoms. GF mice were less anxious and depressed compared to their 

conventional counterparts and these phenotypes were restored following intestinal 

colonization71,72,73. In response to a physical stressor such as dextran sodium sulfate 

(DSS)-induced intestinal inflammation, mice exhibited increased anxiety-like behaviors, 

which was ameliorated by probiotic administration of Bifidobacterium longum74. Similarly, 

in the maternal separation model of depression, rats displayed increased depressive-like 

behaviors and elevated pro-inflammatory cytokines, which were reduced following 

treatment with the probiotic Bifidobacterium infantis75. Some Lactobacillus strains 

exhibited anti-depressive properties in steady state animals or in response to stress76, 77. 

To begin to demonstrate a causal relationship between indigenous bacteria and 

depression, one recent study showed that maternal separation-induced anxiety- and 

depressive-like symptoms required the presence of a complete gut microbiota78. 

Furthermore, patients with major depressive disorder (MDD) harbored a distinct 

microbiota from healthy controls and fecal transfer of the MDD microbiota enhanced 

depressive-like symptoms in GF mice73. These results collectively support the hypothesis 

that indigenous bacteria have a significant impact on physical and psychological stress. 

However, the cellular and molecular pathways that mediate gut-brain communication are 
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currently unclear and appear to involve modulation of the immune system75,79, host 

metabolism73 and/or vagal nerve stimulation74,77. Given the potent immunomodulatory 

properties of indigenous bacteria and probiotics75,79, it is likely that altered immune 

environments due to host-microbiome interactions can lead to changes in brain function 

through the hypothalamic-pituitary-adrenal (HPA) axis, a neuroendocrine, stress-sensing 

system that is activated by pro-inflammatory cytokines80. Future studies using 

immunodeficient animals will be necessary to define the precise functions of the immune 

system in gut-brain communication in models of stress, anxiety and depression. 

 

Neurodegeneration and aging 

 

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are neurodegenerative disorders 

with complex etiologies including age, genetic and environmental components. In AD, 

deposition of protein aggregates comprised of amyloid-β peptide and tau in CNS tissues 

impairs cognitive function. However, the host-intrinsic and extrinsic factors that regulate 

these processes are unclear. Accumulating evidence suggests that pathogenic microbes 

may contribute to neurodegeneration. Bacterial81,82, viral83,84,85,86, fungal87 and 

parasitic88,89 infections that target the CNS are associated with increased risk for AD. 

These infections likely promote chronic inflammatory responses in the CNS of susceptible 

individuals that could contribute to hallmarks of neurodegeneration such as alterations in 

synaptic function, neurodegeneration and amyloidosis90. Bacterial infection induces 

amyloid-β production, which has both antimicrobial and pathologic properties, proposing 

the idea that infection-induced amyloidosis may drive AD91. Aside from externally 
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acquired microbes, one report demonstrated that a mouse model of AD (APPPS1-Tg 

mice) derived under GF conditions exhibited reduced cerebral and serum amyloid-β 

levels92. These results are consistent with reduced  plaque deposition in male 

APPSWE/PS1ΔE9 mice treated with broad-spectrum antibiotics93. In support of a role for 

indigenous microbes in promoting AD, members of the host microbiota can regulate 

amyloidosis by producing their own amyloid peptides94. Additionally, manipulating the gut 

microbiota by antibiotic treatment or probiotic treatment alters learning and 

memory95,96,97,98. Despite these data, the role of microbiota-directed pathways in the 

development of AD requires further interrogation.  

 

PD is a neurodegenerative motor disorder that is frequently associated with impaired 

gastric motility99 and elevated levels of α-synuclein in the intestine100, raising the 

possibility that the intestinal environment regulates the development of PD. One study 

revealed that the fecal microbiome of PD patients had reduced abundance of 

Prevotellaceae compared to healthy controls while a subset of PD patients with severe 

postural instability and gait difficulty (PIGD) had elevated Enterobacteriaceae101, 

suggesting that these bacteria regulate motor function. Similar findings were reported in 

a separate study evaluating the PD gut microbiome102. PD patients also exhibit increased 

intestinal permeability and colonic inflammation103,104. Altogether, these preliminary data 

warrant additional studies exploring the contribution of the gut microbiota to the 

development of PD. 
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The primary risk for neurodegenerative disorders like AD and PD is age. Longitudinal 

studies interrogating the structure of the human microbiome now indicate that the 

composition of our gut microbiota changes over time. From birth to adulthood, the 

microbiota undergoes a maturation process that is primarily due to dietary changes and 

exposure to environmental insults105,106. As a result, the adult microbiome is more diverse 

than both the infant107 and elderly microbiome108. Given associations between the gut 

microbiome, immune system and neurodegeneration, age-related decline in CNS 

function may be explained by alteration in the gut microbiome. 

 

Bidirectional communication with the immune system and CNS  

 

Bacterial- and host-derived products 

 

A growing body of evidence indicates that alterations in indigenous bacteria composition 

and signaling events in the gut can impact brain function and behavior through multiple 

mechanisms (Fig. 3). Activation of innate immune responses following exposure to 

microbial factors requires the recognition of MAMPS via PRRs. The most well 

characterized family of PRRs is Toll-like receptors (TLRs), which are expressed not only 

on innate immune cells but also CNS-resident cell populations including neurons and glial 

cells109,110. Since TLR ligands derived from the intestinal microbiota can be found 

systemically during chronic inflammatory disorders111, these products may be able to 

directly trigger innate immune pathways to impact CNS function. Although systemic LPS 

administration drives CNS inflammation by activating TLR4-expressing brain-resident 
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cells112,113, evidence for microbiota-derived MAMPs that trigger CNS inflammation is 

currently lacking. An alternative pathway may involve indirect activation of the systemic 

immune system and release of circulating inflammatory cytokines, which then trigger CNS 

inflammation and subsequent behavioral changes114.  

 

Indigenous bacteria colonization modulates the host metabolome, which appears to 

influence CNS function. Circulating metabolites can enter the CNS and directly modulate 

neuroactivity66,115. On the other hand, particular metabolites can regulate the function of 

peripheral immune cells116,117, which then can influence brain function potentially through 

the recently described brain lymphatic network118. How immune cells coordinate gut-brain 

communication and whether microbial-derived metabolites can directly modulate the 

function of the CNS are currently areas of intense investigation.  

 

Neurotransmitters are of particular interest in light of emerging studies demonstrating that 

the gut microbiota modulates host metabolism of neurotransmitters and that particular gut 

microbes can synthesize neurotransmitters de novo. Serotonin is a neurotransmitter that 

controls many physiological functions such as circadian rhythms, cognition and mood119, 

and multiple neurological disorders have been associated with changes in serotonin 

levels. Unlike many neurotransmitters, the majority of the host’s serotonin is derived from 

the gastrointestinal tract120, suggesting a role for the intestinal environment in modulating 

its synthesis. Consistent with this idea, GF mice have reduced levels of serum and colon 

serotonin compared to conventional controls121,122. Spore-forming bacteria, in particular, 

activate intestinal enterochromaffin cells to produce serotonin123. Furthermore, 
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metabolites upregulated by spore-forming bacteria colonization as well as SCFAs could 

directly promote the production of serotonin and expression of the serotonin biosynthetic 

enzyme, Tph1 in enterochromaffin cells123,124. Similar microbiota-dependent alterations 

were observed for γ-aminobutyric acid (GABA), norepinephrine (NE), dopamine and 

tryptamine, where particular bacterial species exhibited the capability of synthesizing or 

inducing host neurotransmitter metabolism. 

 

Serotonin is also a key mediator of neuroimmune interactions. Immune cells of both 

myeloid and lymphoid lineages express a range of serotonin receptors and can respond 

to serotonin stimulation by altering their inflammatory functions125. Thus, serotonin may 

have indirect effects on the CNS through modulation of immune cell function. Indeed, 

spore-forming members of the gut microbiota promote Treg cell differentiation in the colon 

primarily through SCFAs126,127,128. Whether immunomodulation by indigenous bacteria 

depends on serotonin biosynthesis remains to be determined. Nevertheless, these data 

highlight a critical role for the microbiota in regulating CNS function through 

neurotransmitter biosynthesis and suggest a potential microbial etiology to some 

neurological conditions. Studies interrogating how intestinal microbes impact host 

synthesis and release of neuroactive molecules will be essential to understanding this 

key communication pathway in the gut-brain axis. 

 

Neuronal signaling 
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In addition to modulating intestinal production of neurochemicals, gut microbes can 

communicate with the CNS via stimulation of the vagus nerve, a parasympathetic neural 

network that provides homeostatic control of the gastrointestinal tract. The anti-

depressant effects of Lactobacillus rhamnosus administration in healthy mice were 

abolished following vagotomy77. Anxiety-like behavior induced by DSS colitis was also 

dependent on the vagus nerve74. Further, treatment with Bifidobacterium longum during 

DSS colitis did not reduce anxiety-like behavior in vagotomized mice, identifying a critical 

role for afferent vagal stimulation in bacteria-mediated changes in behavior. On the other 

hand, the CNS transmits signals to the intestine through the efferent fibers of the vagal 

nerve. These neurons control intestinal motility, release of neurochemicals and the 

intestinal immune environment. Specifically, vagal nerve stimulation has been suggested 

to attenuate inflammatory responses through the neurotransmitter acetylcholine129, 

raising the possibility that the immunomodulatory properties of probiotic strains like 

Lactobacillus and Bifidobacterium may be dependent on the vagus nerve.  However, 

protection from DSS colitis conferred by L. rhamnosus and Bifidobacterium infantis was 

observed in both control and vagotomized mice130, suggesting that gut-brain 

communication via this pathway may depend on specific bacterial strains and the 

inflammatory context. The precise role of intestinal microbes and vagal nerve activity in 

the gut-brain communication require additional studies. 

 

Neuroendocrine Pathways 
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It has long been appreciated that biochemical changes in the brain can also lead to 

changes in gut physiology. One of the main pathways by which this occurs is the 

hypothalamic-pituitary-adrenal (HPA) axis. In response to physical or psychological 

stress, hormones released from the hypothalamus, pituitary and adrenal glands 

collectively influence multiple organ systems to allow the host to adapt to their 

environment. For example, activation of the stress response through CRF acting through 

the alterations autonomic nervous system innervating the gut[47] and the HPA axis can 

lead to changes in intestinal permeability131,132,133,134,135, motility136,137 and mucus 

production138,139. These events contribute to alterations in indigenous bacteria 

composition as demonstrated in mouse models of early-life and chronic stress78,140. 

Activation of the HPA axis has also been shown to impact immune cell responses. 

Glucocorticoids released by the HPA axis have profound anti-inflammatory properties on 

innate and adaptive immune cells but can also stimulate pro-inflammatory responses 

under certain conditions80,141. It is conceivable that increased intestinal permeability and 

systemic dissemination of microbial-derived products following stress could lead to 

enhanced pro-inflammatory responses that further stimulate the HPA axis. Stress-

induced behavioral abnormalities may occur in a microbiota-dependent manner78. 

Although maternal separation results in elevated serum corticosterone levels and 

increased acetylcholine release by the colon in both GF and conventional mice, it 

triggered anxiety-like behaviors only in conventional mice. Furthermore, maternal 

separation in conventional mice was associated with intestinal dysbiosis. Similar to host-

derived neuroactive molecules, neuronal signaling pathways, these findings the idea that 

gut-brain communication not only involves microbial modulation of brain function but also 
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the reverse: CNS-induced changes in intestinal biology and indigenous bacteria 

composition. Future research should investigate the precise mechanisms, including 

communication through the immune system, that control bidirectional gut-brain 

communication. 

 

Therapeutic manipulation of the microbiota 

 

Preclinical studies have established a critical role for intestinal microbes in modulating 

behavior and CNS biology. Therefore, the gut microbiota is an intriguing target to develop 

therapeutics for multiple CNS disorders (Table 1). Examples of approaches to manipulate 

the microbiota include administering probiotic strains beneficial to CNS health, eliminating 

CNS-detrimental strains using selective antibiotic cocktails, using formulated diets (or, 

prebiotics) that alter gut microbial communities and perhaps target specific metabolic 

pathways in the microbiota. Although human studies using these methods are scarce, 

preliminary evidence suggests that probiotic therapies improve mental health. In one 

study, healthy female participants given a fermented milk product with four probiotic 

strains including Bifidobacterium, Strepcoccus, Lactobacillus and Lactococcus for four 

weeks had altered brain activity in regions that control emotion and sensation providing 

a proof of concept that a microbiota-gut-brain axis is operational in humans142. Consistent 

with these findings, healthy human volunteers given a probiotic formulation of 

Lactobacillus and Bifidobacterium for 30 days had reduced measures of psychological 

distress143. To date, there are only a few reports suggesting that antibiotics can impact 

brain function144,145. However, there is a significant correlation between nutrition and brain 
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health146. For example, a ketogenic diet is a high-fat, low-carbohydrate diet used to 

effectively treat refractory epilepsy147, although the mechanisms are currently unknown. 

Since diet has been demonstrated to significantly influence host physiology through gut 

microbial communities148,149,150, future studies should dissect whether diet-induced 

cognitive effects are dependent on microbiota composition and microbiota-induced 

immunological changes. Collectively, microbiota targeting offers a promising therapeutic 

strategy for the treatment of multiple CNS disorders. 
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Table 4: Reported alterations in the gut microbiota in neurological and psychiatric 

disorders 
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Figure 4. Effects of the microbiota on microglia and astrocyte biology. (A) 

Microglial maturation and function are affected by the presence or absence of complex 

microbiome. Compared to conventionally-colonized (specific pathogen-free, SPF) 

controls, mice reared in the absence of microbial colonization (germ free, GF) have 

microglia with abnormal morphology, altered gene expression and impaired functional 

response to stimulation. Similar microglial abnormalities are seen in microbiome-

depleted mice, by antibiotic treatment of SPF mice (ABX), or restricted colonization with 

three bacterial taxa from a limited Altered Schaedler Flora consortia (ASF: B. distasonis, 

L. salivarius, and Clostridium cluster XIV). Microglial abnormalities in GF mice are 

corrected by supplementation with short-chain fatty acids (SCFAs), products of bacterial 

fermentation. (B) Microbial metabolites bind to the aryl hydrocarbon receptor (AHR) in 

astrocytes, reducing symptoms of experimental autoimmune encephalomyelitis (EAE). 

Type I interferon signaling (IFN-I) in astrocytes diminishes inflammation and decreases 
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EAE clinical scores, and this effect is reversed by antibiotic treatment. Particular 

tryptophan metabolites produced by the microbiome stimulate AHR and reduce EAE 

clinical score. This suggests that the microbiome has a direct effect on AHR signaling 

and inflammation in astrocytes, which may have relevance to multiple sclerosis (MS), 

where patients present with decreased tryptophan-derived metabolites in sera. 

TnAse=tryptophanase, IPA=indole-3-propionic acid, IAld=indole-3-aldehyde, 

I3S=indoxyl-3-sulfate  
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Figure 5: The microbiome impacts peripheral immune cells and CNS function. 

Indigenous microbes in the gastrointestinal tract and environmental microbial exposure 

regulate peripheral immune responses in the host. Emerging evidence suggest that 

microbes significantly impacts CNS function and behavior through the peripheral 

immune system. Intestinal colonization by segmented filamentous bacteria (SFB) is 

associated with TH17-mediated CNS inflammation during the multiple sclerosis (MS) 

mouse model, experimental autoimmune encephalomyelitis (EAE)36, while colonization 

by polysaccharide A (PSA)-expressing Bacteroides fragilis37, 43, 44, 45 or short-chain fatty 

acid (SCFA)-producing bacteria46 promotes regulatory T cell responses that suppress 

EAE. The microbiota also appears to induce anti-inflammatory CD4+ IELs that protect 

from EAE47. The material immune activation (MIA) model of autism spectrum disorder 

leads to microbial dysbiosis that is associated with elevated TH17 cell responses66, 67, 68, 

which were sufficient to trigger social and behavioral defects66, 67, 68. Similar to the MIA 

model, middle cerebral artery occlusions (MCAO)-induced brain injury appears to be 

mediated by a dysbiotic microbiota51, which induces a population of pathogenic IL-17A-

producing γδ T cells50. In mouse models of spinal cord injury, IL-4-producing CD4+ T 

cells have been demonstrated to restore neuronal tissue homeostasis55. Whether the 

intestinal microbiota can regulate TH2 cell-mediated CNS tissue repair remains to be 

defined. Oral administration of probiotics can elicit a population of Ly6C+ monocytes that 

increase hippocampal neurogenesis and enhance memory responses63. Probiotics such 

as Bifidobacterium and Lactobacillus have potent anti-inflammatory properties. One 

mechanism by which these strains reduce anxiety and depression behaviors may be 

through induction of anti-inflammatory responses. Preliminary findings suggest that 
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exposure to Streptococcus and E. coli can trigger the production of self-reactive auto-

antibodies that lead to cognitive dysfunction in pediatric autoimmune neuropsychiatic 

disorders associated with streptococcal infection (PANDAS) and eating disorders, 

respectively59, 60. Bacterial81, 82, viral83, 84, 85, 86, fungal87 and parasitic88, 89 infections have 

all been associated with the development of Alzheimer’s disease (AD). Infection-

induced β-amyloidosis has been suggested as a potential link between microbial threats 

and the onset of AD91. Patients with Parkinson’s disease (PD) exhibit gut microbial 

changes such as elevated levels of Enterobacteriaceae101, suggesting a gut microbial 

etiology to the pathogenesis of PD. Collectively, regulation of peripheral immune 

responses is a critical pathway by which the indigenous microbiota and exogenous 

microbial challenges influence CNS function and behavior.  
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Figure 6: Crosstalk between the microbiota, immune system and CNS. The 

microbiota is a critical modulator of local and systemic immune responses. Recognition 

of microbial-derived products such as TLR ligands and metabolites activate distinct 

immune pathways. Conversely, immune cell responses critically alter microbiota 

composition through anti-microbial mechanisms. Both the microbiota and immune 

system can also regulate the physiology of the CNS. Future studies investigating the 

functional outcomes of these bidirectional interactions will inform the development of 

novel therapeutic strategies for the treatment of CNS disorders. 
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SUMMARY 

  

The ketogenic diet (KD) is used to treat refractory epilepsy and an increasing number of 

medical conditions, but the specific mechanisms underlying its neuroprotective effects 

remain unclear. Here we show that the gut microbiota is altered by the KD and is 

required for protection against acute electrically-induced seizures and spontaneous 

tonic-clonic seizures in two mouse models. Depletion of the microbiota via antibiotic 

treatment or germ-free rearing abrogates the seizure protective effects of the KD. Both 

enrichment of, and gnotobiotic co-colonization with, the KD-associated bacteria 

Akkermansia muciniphila, Parabacteroides merdae and P. distasonis mediate the anti-

seizure effects of the KD. Moreover, transplantation of the KD gut microbiota and 

bacterial treatment with A. muciniphila and Parabacteroides spp. each confer seizure 

protection to mice fed a control diet. KD- and microbiota-dependent alterations in 

colonic lumenal, serum and hippocampal metabolomic profiles correlate with seizure 

protection, including systemic reductions in gamma-glutamylated ketogenic amino acids 

and elevated hippocampal GABA/glutamate ratios. Cross-feeding between A. 

muciniphila and Parabacteroides spp. decreases bacterial gamma-

glutamyltranspeptidase activity, and inhibiting amino acid gamma-glutamylation 

promotes seizure protection in vivo. Overall, this study reveals a novel role for specific 

gut bacterial interactions in modulating host metabolism and seizure susceptibility in 

mice.  

  

HIGHLIGHT 
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·    Alterations in the gut microbiota are required for the anti-seizure effects of the 

KD. 

·    Specific KD-associated bacteria sufficiently restore and confer anti-seizure 

effects of the KD. 

·    The KD microbiota regulates amino acid g-glutamylation and hippocampal 

GABA/glutamate. 

 

INTRODUCTION 

  

The low-carbohydrate, high-fat ketogenic diet (KD) is an effective treatment for 

refractory epilepsy, a condition affecting more than one-third of epileptic individuals and 

defined by a failure to respond to existing anticonvulsant medications (Kwan and 

Brodie, 2000). However, despite its value for treating epilepsy and its increasing 

application to other disorders, including autism spectrum disorder, Alzheimer’s disease, 

metabolic syndrome and cancer (Stafstrom and Rho, 2012), use of the KD remains low 

due to difficulties with implementation, dietary compliance and adverse side effects 

(Freeman and Kossoff, 2010). Molecular targets are needed to develop viable clinical 

interventions for intractable epilepsy and other disorders for which the KD is beneficial. 

Many studies have proposed roles for ketone bodies, gamma-aminobutyric acid 

(GABA) modulation, and mitochondrial anaplerosis in mediating the neurological effects 

of the KD (Rogawski et al., 2016), but exactly how the KD confers beneficial effects on 

brain activity and behavior remains unclear. 
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The gut microbiota is a key intermediary between diet and host physiology; the species 

composition and function of the gut microbiota is critically shaped by diet (Xu and 

Knight, 2015), and nutrients made available to the host depend on microbial metabolism 

(Sonnenburg and Backhed, 2016). Diet-induced changes in the gut microbiota are 

reproducible and persistent (David et al., 2014), and as such, have lasting impacts on 

the host. Several diet-induced host pathologies are mediated by changes in the gut 

microbiota in mouse models, including symptoms of atherosclerosis in response to the 

carnitine-rich diet, undernutrition in response to the Malawian diet and abnormal social 

behavior in response to maternal high-fat diet (Buffington et al., 2016; Koeth et al., 

2013; Smith et al., 2013). 

The gut microbiota modulates several metabolic and neurological pathways in the host 

that could be relevant to KD-mediated seizure protection. The KD alters the composition 

of the gut microbiota in mice (Klein et al., 2016a; Newell et al., 2016), and ketosis is 

associated with altered gut microbiota in humans (David et al., 2014; Duncan et al., 

2008). Interestingly, fasted mice that lack microbiota exhibit impaired hepatic 

ketogenesis and altered myocardial ketone metabolism compared to fasted mice that 

are conventionally-colonized (Crawford et al., 2009). The microbiota is also increasingly 

associated with changes in factors relevant to neurotransmission, including 

neurotransmitter signaling, synaptic protein expression, long term-potentiation and 

myelination (Vuong et al., 2017), as well as a variety of complex host behaviors, 

including stress-induced, social and cognitive behaviors (Collins et al., 2012; Sandhu et 

al., 2017; Vuong et al., 2017). Notably, several clinical studies report that antibiotic 

treatment increases risk of status epilepticus or symptomatic seizures in epileptic 
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individuals (Sutter et al., 2015), suggesting a possible role for the microbiota in 

mitigating seizure likelihood. 

Based on emerging studies linking the gut microbiota to host responses to diet, 

metabolism, neural activity and behavior, we hypothesized that the gut microbiota plays 

an important role in mediating the anti-seizure effects of the KD. We aimed to 

characterize how the microbiota is altered by the KD, to determine whether the 

microbiota contributes to the anti-seizure effects of the KD and to further identify 

molecular and cellular mechanisms that may be involved. We show herein that the gut 

microbiota is necessary and sufficient for seizure protection in two mouse models of 

intractable epilepsy, and further identify cooperative interactions between two diet-

associated bacteria that regulate levels of circulating dietary metabolites, brain 

neurotransmitters, and seizure incidence in mice. Findings from this study reveal that 

the gut microbiota modulates seizure susceptibility and suggests that metabolic 

functions of specific gut bacteria may be important for mediating the anti-seizure effects 

of the ketogenic diet. 

  

  

RESULTS 

  

The Ketogenic Diet Alters the Gut Microbiota 

The KD reduces seizure susceptibility and confers neuroprotective effects in several 

mouse models of epilepsy (Lutas and Yellen, 2013). To test whether the microbiota 
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plays a role in KD-mediated seizure protection, we first utilize the 6-Hz induced 

psychomotor seizure model of refractory epilepsy. The 6-Hz model involves low-

frequency corneal stimulation to induce complex partial seizures reminiscent of human 

temporal lobe epilepsy (Hartman et al., 2008). Importantly, the 6-Hz model is resistant 

to several anti-epileptic drugs and, as such, is widely used as a model of refractory 

epilepsy for investigational drug screening (Barton et al., 2001). The KD protects 

against 6-Hz seizures (Hartman et al., 2010; Samala et al., 2008), as indicated by the 

increased current intensity required to elicit a seizure in 50% of the subjects tested 

(CC50, seizure threshold). 

 

We fed conventionally-colonized (specific pathogen-free, SPF) Swiss Webster mice a 

6:1 fat:protein KD or a vitamin- and mineral-matched control diet (CD) (Samala et al., 

2008) (Figure S2A and Table S1). Compared to CD controls, mice fed the KD exhibit 

elevated seizure thresholds in response to 6-Hz stimulation (Figure 1A), decreased 

serum glucose (Figure 1B) and increased serum β-hydroxybutyrate (BHB; Figure 1C, 

right), as previously described (Hartman et al., 2010; Samala et al., 2008). There were 

no significant differences in food consumption or weight gain across CD vs. KD groups 

(Figure S2B). 

In addition to raising seizure thresholds, the KD alters the composition of the gut 

microbiota (Figure 1D and Table S2), as measured by 16S rDNA sequencing, where 

fecal samples from independent cages of mice reveal substantial shifts in microbiota 

profiles based on weighted and unweighted UniFrac distance matrices, by 4 days and 

through 14 days post-dietary treatment (Figure 1D and Table S2). Decreased alpha 
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diversity is observed at each time point post-dietary treatment (Figure 1E) suggesting 

KD-induced losses of particular bacterial taxa. Notably, the KD substantially increases 

the relative abundance of Akkermansia muciniphila, from 2.8 ± 0.4% to 36.3 ± 2.8% 

(mean ± SEM), by 4 days and through 14 days of dietary treatment (Figures 1F, S1A 

and S1B). Parabacteroides, Sutterella and Erysipelotrichaceae spp. are also 

significantly increased in KD-fed mice, whereas Allobaculum, Bifidobacterium and 

Desulfovibrio spp. are increased in CD-fed mice (Figures 1F, S1A and S1B). While 

there is minor temporal variation in bacterial taxonomic membership after dietary 

treatment, shifts the microbiota remain through 28 days on the KD vs CD (Figure S4A). 

Imputed metagenomes predict KD-induced changes in microbial genes relevant for lipid 

and protein metabolism, suggesting that the KD alters these microbial metabolic 

pathways (Table S3 and Figure S7). These results reveal that the composition of the 

gut microbiota is rapidly and significantly altered in response to the KD. 

  

The Gut Microbiota is Necessary and Sufficient for the Anti-Seizure Effects of the 

KD 

To determine whether the gut microbiota is necessary for the anti-seizure effects of the 

KD, we measured the 6-Hz psychomotor seizure threshold for germ-free (GF) and 

antibiotic (Abx)-treated SPF mice. Compared to CD controls (SPF CD), SPF mice fed 

the KD (SPF KD) for 14 days exhibit increased seizure thresholds and altered 

microbiota (Figures 2A and 1D). This is abrogated in GF mice (Figure 2C) and Abx-

treated SPF mice (Figure 2C), indicating that the gut microbiota is required for KD-

mediated increases in seizure protection. Conventionalization of GF mice with the SPF 
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gut microbiota restores KD-associated seizure protection to levels seen in native SPF 

KD mice (Figure 2A), suggesting that microbial mediation of KD seizure resistance is 

not dependent on pre-weaning microbiota colonization and that the microbiota actively 

mediates seizure protection by the KD. Notably, microbial modulation of KD-related 

seizure resistance does not correlate with changes in serum BHB or glucose levels 

(Figures 2B and 2D). There are also no significant differences between groups in 

levels of intestinal, liver, or brain BHB (Figures S2C and S2E). Consistent with this, 

previous studies report that BHB concentrations do not necessarily correlate with 

seizure protection, and ketosis may be necessary but not sufficient for KD-mediated 

seizure control (Bough and Rho, 2007). Overall, these data demonstrate that the gut 

microbiota is required for anti-seizure effects of the KD in the 6-Hz seizure model and 

further suggest that gut microbes modulate seizure susceptibility through mechanisms 

that do not involve alterations in BHB levels. 

 

To determine whether specific bacterial taxa mediate seizure protection in response to 

the KD, Abx-treated SPF mice were colonized with select KD-associated bacteria, fed 

the KD and then tested for 6-Hz seizures. Based on results from 16S rDNA sequencing 

(Figure S1C), A. muciniphila and Parabacteroides spp. were selected as the taxa most 

highly enriched by the KD. Mice were gavaged with 109 cfu bacteria: i) A. muciniphila; ii) 

1:1 ratio of Parabacteroides merdae and P. distasonis, as representative intestinal 

Parabacteroides spp. from the human microbiota with highest homology to the 

Parabacteroides operational taxonomic unit reads that were enriched by the KD (Figure 

1D and Table S2); or iii) 2:1:1 ratio of A. muciniphila, P. merdae and P. distasonis. At 



 
182 

 
 
 
 

14 days after oral gavage, 16S rDNA sequencing of colonic lumenal contents revealed 

that mice treated with A. muciniphila harbored 43.7 ± 0.4% relative abundance of A. 

muciniphila (Figure S3A). Mice gavaged with Parabacteroides spp. harbored 70.9 ± 

4.0% relative abundance, and mice gavaged with both taxa harbored 49.0 ± 4.1% A. 

muciniphila and 22.5 ± 5.4% Parabacteroides. Consistent with this, fluorescence in situ 

hybridization (FISH) staining of colonic sections from mice treated with A. muciniphila 

and Parabacteroides spp. exhibit increased hybridization of the A. muciniphila probe 

MUC1437 (Derrien et al., 2008) and the Bacteroides and Parabacteroides spp. probe 

BAC303 (Manz et al., 1996) (Figure 3B), where the average distance from a BAC303-

positive cell to the nearest MUC1437-positive cell is 0.64 ± 0.09 microns. Consistent 

with previous reports, both A. muciniphila and Parabacteroides spp. localized to the 

lumen of the mouse colon, not the mucus layer (Earle et al., 2015). There were no 

significant differences in weight, serum glucose levels, or enrichment of A. muciniphila 

and Parabacteroides spp. across mice fed CD vs. KD (Figures S3A-S3C). Consistent 

with our previous observation (Figures 2B, 2D), BHB was similarly induced in KD-fed 

groups, independent of colonization status (Figure S3C). These data reveal that 

microbiota depletion by Abx treatment followed by oral gavage of exogenous bacteria 

results in their persistent intestinal enrichment by 14 days post-inoculation.   

 

We next examined seizure susceptibility in mice with selective enrichment of KD-

associated gut bacteria. Treatment with the KD alone elevated seizure thresholds by 

24.5% from 19.4 ± 0.8 mA, in SPF CD mice, to 24.2 ± 0.3 mA, in SPF KD mice (Figure 

3A), whereas Abx treatment of KD-fed mice prevented this anti-seizure effect (Figure 
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3A). Co-administration of A. muciniphila and Parabacteroides spp. restores protection 

against 6-Hz seizures in Abx-treated mice fed the KD, raising thresholds by 36.0%, from 

19.9 ± 0.3 mA, in Abx KD mice, to 27.0 ± 0.5 mA, in AkkPb KD mice (Figure 3A). The 

seizure protective effect of bacterial enrichment is specific to A. muciniphila with P. 

merdae, as mice gavaged with A. muciniphila and P. distasonis exhibited no restoration 

of seizure protection (Figure S3D). There is no significant increase in seizure threshold 

after enrichment of either A. muciniphila or Parabacteroides spp. alone (Figure 3A), 

indicating that both taxa are required for mediating the anti-seizure effects of the KD. 

There is also no effect of treatment with Bifidobacterium longum (Figure 3A), as a 

negative control taxon that was enriched in CD-fed mice (Figures 1F and S1C). 

Moreover, co-colonization of A. muciniphila and Parabacteroides spp. in GF mice 

promotes seizure protection in response to the KD, when compared to GF, 

Parabacteroides-monocolonized or A. muciniphila-monocolonized mice (Figure 3C), 

suggesting that A. muciniphila and Parabacteroides spp together raise seizure 

thresholds in the absence of other indigenous gut microbes. Overall, these findings 

reveal that A. muciniphila and Parabacteroides spp. increase in response to the KD and 

mediate its protective effect in the 6-Hz seizure model. 

  

The Gut Microbiota Confers Seizure Protection to Mice Fed the CD 

 

The previous experiments examine microbial mediation of seizure protection in mice fed 

the KD. To determine whether KD-associated gut microbes also confer anti-seizure 

effects to mice fed the CD, Abx-treated mice were transplanted with CD vs. KD 
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microbiota from SPF mice, fed the CD or KD and tested for their susceptibility to 6-Hz 

seizures after 4 days of dietary treatment. Abx-treated mice were used to mimic clinical 

fecal transplant approaches that involve pre-treatment with Abx to deplete the native 

microbiota (Seekatz et al., 2014). Day 4 was selected based on i) the ability of the KD to 

induce significant microbiota changes by that time (Figures 1D-1F and 4A) and ii) 

evidence that the KD microbiota exhibits incomplete reversion to CD profiles at 4 days 

after switching from KD to CD (Figure S4A). Mice transplanted with a CD microbiota 

and fed KD for 4 days display increased seizure threshold compared to CD-fed controls 

(Figure 4A). Abx-treated mice transplanted with a KD microbiome but fed CD for 4 days 

exhibit seizure protection as well, suggesting that colonization with the KD microbiota 

raises seizure thresholds in mice fed CD. Notably, however, seizure protection is 

abrogated after complete reversion of the KD microbiota to CD profiles on day 28 

(Figure S4B), suggesting that persistent interactions between the KD microbiota, diet 

and neuronal activity are required. Similar anti-seizure effects are seen after enriching 

A. muciniphila and Parabacteroides spp. in Abx-treated SPF mice fed CD as compared 

to Parabacteroides spp., A. muciniphila or B. longum controls (Figure 4B and S3A). 

However, increases in seizure threshold in SPF CD mice treated with Abx alone relative 

to SPF CD controls confound interpretation of these results (Figure 4B). 

 

To clarify this uncertainty, we applied a bacterial treatment approach to investigate 

whether exogenous treatment with A. muciniphila and Parabacteroides spp. confers 

anti-seizure effects in mice fed CD. SPF CD mice were gavaged bi-daily for 28 days 

with 109 cfu A. muciniphila and Parabacteroides spp. or with vehicle. This bacterial 
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treatment increased seizure thresholds relative to vehicle-gavaged controls (Figure 

4C). Consistent with our experiments on mice fed the KD (Figure 3), this seizure 

protection is not observed in animals treated with A. muciniphila alone, revealing that 

co-administration of A. muciniphila and Parabacteroides spp. is required for seizure 

protection (Figure 4C). Moreover, treatment with heat-killed bacteria decreases seizure 

thresholds compared to vehicle-treated controls, suggesting that viable bacteria are 

necessary for conferring anti-seizure effects and release of bacterial cell surface and/or 

intracellular factors promotes sensitivity to 6-Hz seizures. Persistent exposure to A. 

muciniphila and Parabacteroides spp. is required, as increases in seizure thresholds 

were lost after ceasing treatment for 21 days (Figure S4C). In addition, seizure 

protection was not observed in mice treated for only 4 days (Figure S4D), suggesting 

that long-term exposure is required. Taken together, these findings reveal that fecal 

transplant of the KD microbiota and bacterial treatment with the KD-associated taxa A. 

muciniphila and Parabacteroides spp. confer protection against 6-Hz psychomotor 

seizures in mice fed the CD. 

  

KD-Associated Bacteria Reduce Tonic-Clonic Seizures in Kcna1-/- Mice 

 

Epilepsy is a heterogeneous disorder with diverse clinical presentations. The 6-Hz 

seizure model for pharmacoresistant epilepsy examines acute, electrically-induced 

seizures and is widely used for testing the efficacy of the KD (Hartman et al., 2010; 

Samala et al., 2008) and new anti-epileptic drugs (Barton et al., 2001). While a powerful 

tool for studying fundamental influences on seizure susceptibility, the model exhibits low 



 
186 

 
 
 
 

construct validity for human epilepsy and conveys limited information on seizure 

severity and form. In addition, despite statistically significant effects of the KD on raising 

seizure thresholds in the 6-Hz model, the effect sizes are relatively small for treatments 

known to be efficacious in humans. To determine whether our findings from the 6-Hz 

model also apply to different seizure types and etiologies, we further tested roles for the 

microbiota in modulating generalized tonic-clonic seizures in the Kcna1-/- mouse model 

for temporal lobe epilepsy and sudden unexpected death in epilepsy (SUDEP).  Kcna1-/- 

mice harbor a null mutation in the voltage-gated potassium channel Kv1.1 alpha 

subunit, mimicking associations of human KCNA1 gene variants with epilepsy, episodic 

ataxia and SUDEP (Browne et al., 1994; Eunson et al., 2000; Scheffer et al., 1998; 

Zuberi et al., 1999). Kcna1-/- mice develop severe spontaneous recurrent seizures, 

which are reduced 54% by the KD (Fenoglio-Simeone et al., 2009). 

 

Kcna1-/- SPF C3HeB/FeJ mice were treated with Abx or vehicle for 1 week, gavaged 

with vehicle or A. muciniphila and Parabacteroides spp., and fed KD or CD for 3 weeks. 

Seizure frequency and duration were recorded by EEG over 3 days, where 

electrographic seizures were identified based on characteristic epileptiform spike 

patterns consisting of 5 phases (Figure 5C): A) low-frequency background, with low-

voltage spiking, B) synchronized high-frequency, high-voltage spiking, C) high-

frequency, low-voltage spiking, D) unsynchronized high-frequency, high-voltage spiking, 

and E) high-frequency, burst spiking. Furthermore, EEG seizure patterns were 

corroborated by detection of stereotyped seizure behaviors identified by 5 stages as 

previously described (Simeone et al., 2016) (Supplementary Video 1). Compared to 
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CD-fed Kcna1-/- controls, KD-fed Kcna1-/- mice exhibit altered gut microbiota profiles 

(Figure 5A). Consistent with findings from the 6-Hz seizure model (Figure 1F), the KD 

significantly increases both A. muciniphila and Parabacteroides spp. in Kcna1-/- mice. 

The degree of diet-induced enrichment of these taxa is less than that seen in the 6-Hz 

model (Figure 1F), which could be due to an effect of host genotype and mouse strain 

on baseline microbiota composition and responses to KD (Klein et al., 2016b). 

Nonetheless, we observed decreases in seizure incidence and duration in KD-fed 

Kcna1-/- mice compared to CD-fed Kcna1-/- controls (Figure 5D), consistent with KD-

mediated seizure protection as previously described (Fenoglio-Simeone et al., 2009). 

Interestingly, Kcna1-/- mice that were pre-treated with Abx to deplete the gut microbiota 

exhibit a significant increase in seizures per day and total seizure duration compared to 

vehicle-treated, KD-fed Kcna1-/- controls (Figure 5D). There is no significant difference 

in interspike frequency, interspike interval, and average duration per seizure (Figure 

S5C) suggesting a primary effect of Abx treatment and depletion of the gut microbiota 

on spontaneous seizure occurrence rather than seizure form. Moreover, colonization of 

Abx-treated Kcna1-/- mice with A. muciniphila and Parabacteroides spp. reduces seizure 

frequency and total duration of seizures toward levels seen in vehicle-treated, KD-fed 

Kcna1-/- controls (Figure 5D). This suggests that treatment with A. muciniphila and 

Parabacteroides spp. similarly confers seizure protection in the Kcna1-/- SUDEP model, 

as well as the WT 6-Hz seizure model. There were no significant differences in weight 

gain or food consumption between mice fed the KD vs. CD (Figure S5A). In contrast to 

a previous report that used a different KD formulation (Simeone et al., 2016), we 

observed no differences in survival across groups (Figure S5B). Taken together, these 
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findings support the notion that the gut microbiota mediates the anti-seizure effects of 

the KD across varied seizure types and mouse models. 

  

The Microbiota Modulates Gut, Serum and Brain Metabolomes 

Based on the role of the gut microbiota in modulating effects of the KD on seizure 

occurrence, we hypothesized that microbial dietary metabolism regulates secondary 

metabolites that impact seizure susceptibility. We utilized metabolomic profiling to 

identify candidate microbiota-dependent molecules in colonic lumenal contents and sera 

of SPF mice fed CD, and SPF, Abx-treated SPF, and A. muciniphila- and 

Parabacteroides spp.-enriched mice fed KD (Figures 6A and S6A). 622 metabolites, 

spanning amino acid, carbohydrate, lipid, nucleotide, peptide and xenobiotic 

supergroups, were detected in mouse colonic contents, and 670 metabolites were 

detected in mouse sera (Tables S4 and S5). Metabolomic profiles in colonic lumenal 

contents and sera discriminate seizure-protected (vehicle-treated SPF mice fed KD and 

A. muciniphila with Parabacteroides spp.– enriched mice fed KD) from seizure-

susceptible (vehicle-treated SPF mice fed CD and Abx-treated SPF mice fed KD) 

groups, with a predictive accuracy of 94% for colonic lumenal metabolites and 87.5% for 

serum metabolites (Figure 6B). Interestingly, the majority of metabolites that contribute 

highly to group discrimination are relevant to amino acid metabolism, including 

derivatives of lysine, tyrosine and threonine (Figure 6B). In addition, we observed 

widespread decreases in subsets of ketogenic gamma-glutamylated amino acids—

gamma-glutamyl (GG)-leucine, GG-lysine, GG-threonine, GG-tryptophan and GG-

tyrosine— in both colonic lumenal contents (Figure 6C) and sera (Figure 6D) from 
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seizure-protected compared to seizure-susceptible groups. Gamma-glutamylated forms 

of the amino acids were particularly affected (Figures 6C and 6D), as compared to their 

unmodified counterparts (Figures S6D and S6E). This suggests that the gut microbiota 

modulates gamma-glutamylation itself or selective metabolism of ketogenic GG-amino 

acids and that increased ketogenic GG-amino acids are associated with seizure 

susceptibility. Supporting this notion, imputed metagenomes predict KD-associated 

alterations in bacterial genes relevant to amino acid metabolism (Figure S7C). Overall, 

these findings reveal significant effects of the gut microbiota on intestinal and systemic 

metabolomic responses to the KD, and further reveal an association between KD-

induced seizure protection and microbiota-dependent alterations in levels of ketogenic 

GG-amino acids. 

 

The brain relies on active import of essential amino acids to fuel neurotransmitter 

biosynthesis, and as such, is sensitive to fluctuations in peripheral amino acid 

bioavailability (Smith, 2000). Peripheral amino acids serve as substrates for the 

synthesis of GABA and glutamate through anaplerotic refilling of Kreb’s cycle 

intermediates, or indirectly through carbon dioxide fixation stimulated by 

hyperammonemia (Cooper and Jeitner, 2016). GG-amino acids, in particular, are 

hypothesized to exhibit increased transport properties compared to non-gamma-

glutamylated forms (Castellano and Merlino, 2012; Sakai et al., 2004). Based on our 

data revealing diet- and microbiota-dependent alterations in serum ketogenic amino 

acids, links between amino acids importation and brain GABA levels (Samuels et al., 

1983; Yudkoff et al., 2001b), and prevailing theories that GABA contributes to the anti-
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seizure effects of the KD (Bough, 2008; Calderon et al., 2017; Yudkoff et al., 2001a), we 

examined bulk levels of GABA and glutamate in the brain. Though many brain regions 

contribute to seizure activity, we focused specifically on the hippocampus, based on 

existing literature demonstrating its key involvement in the propagation of seizure 

activity across several seizure models (Gautier and Glasscock, 2015; Giordano et al., 

2016). In particular, abnormal hippocampal activation is seen in the 6-Hz seizure model, 

and Kcna1-/- mice exhibit abnormal hippocampal electrical discharge and cell loss 

(Lopantsev et al., 2003; Wenzel et al., 2007). Hippocampal metabolite profiles 

distinguished samples from seizure-protected vs. seizure-susceptible mice (Figure 6E). 

Hippocampal GABA/glutamate ratios are significantly increased in KD-fed SPF mice 

compared to CD-fed controls (Figure 6F, left, and Table S6). These increases are 

abrogated in Abx-treated mice fed KD and restored after enrichment of Abx-treated 

mice with A. muciniphila and Parabacteroides spp. (Figure 6F). Similar changes are 

seen for hippocampal levels of glutamine, a precursor of glutamate and GABA (Figure 

6F, right). Overall, these results reveal diet- and microbiota-dependent regulation in the 

bioavailability of glutamine, as well as an increase in bulk hippocampal GABA levels 

relative to glutamate in seizure-protected mice. 

  

Bacterial Gamma-Glutamylation Impacts Seizure Susceptibility 

 

Based on our finding that essential ketogenic GG-amino acids are reduced in colonic 

lumen and serum of seizure-protected vs. seizure-susceptible experimental groups, we 

hypothesized that microbiota-dependent restriction of ketogenic GG-amino acids is 
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important for mediating the anti-seizure effects of the KD. Gamma-glutamylated forms 

of amino acids are generated by transpeptidation of GG moieties from glutathione onto 

amino acids. To determine whether gamma-glutamylation of amino acids impacts 

seizure susceptibility, we gavaged SPF CD mice for 3 days with GGsTop, a selective 

irreversible inhibitor of GGT. SPF CD mice treated with GGsTop exhibit increases in 6-

Hz seizure thresholds toward levels seen in SPF KD mice (Figure 7A). Similarly, EEG 

recordings of CD-fed SPF Kcna1-/- mice treated with GGsTop display a significant 

decrease in seizures per day (Figure 5E). This reveals that peripheral inhibition of 

gamma-glutamylation and restriction of GG-amino acids promotes seizure protection, 

consistent with observed metabolomic decreases of ketogenic GG-amino acids in 

colonic lumenal content and sera from seizure-protected groups compared to seizure-

susceptible controls. Importantly, to determine whether restriction of amino acids, rather 

than catabolism of glutathione, is necessary for the anti-seizure effects of the KD 

microbiota, we supplemented KD-fed A. muciniphila and Parabacteroides spp.-enriched 

mice by bi-daily intraperitoneal injection for 3 days with combined leucine, lysine, 

threonine, tryptophan and tyrosine, and then tested for 6-Hz seizures. Physiologically-

relevant concentrations of amino acids were calculated based on serum metabolomic 

data (Table S5), such that dosages for each were projected to restore blood levels to 

that seen in vehicle-treated SPF CD controls. Elevating systemic levels of ketogenic 

amino acids decreases seizure thresholds to levels seen in vehicle-treated SPF CD 

controls (Figure 7B). This suggests that restriction of peripheral ketogenic amino acids 

is necessary for mediating microbiota- and KD-dependent increases in seizure 

resistance. 
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Both host cells and particular bacterial species exhibit GGT activity (van der Stel et al., 

2015; Zhang et al., 2015). To gain insight into whether the KD and interactions between 

A. muciniphila and Parabacteroides spp. suppress bacterial gamma-glutamylation in 

vivo, we measured GGT activity in fecal samples collected from SPF or A. muciniphila 

and Parabacteroides spp.-enriched mice fed the CD or KD. Feeding SPF mice with KD 

decreases fecal GGT activity compared to CD controls (Figure 7C). Similar reduction in 

fecal GGT activity is seen after enriching A. muciniphila and Parabacteroides spp. in 

CD-fed mice. Moreover, enriching A. muciniphila and Parabacteroides spp. and feeding 

with KD further decreases fecal GGT activity relative to that seen in SPF KD and SPF 

CD mice. Exposing all fecal samples to the GGT inhibitor GGsTop eliminates the 

detected signals, confirming that the measurements reflect GGT activity. Consistent 

with this, treatment of CD-fed SPF mice with A. muciniphila and Parabacteroides spp. 

decreases fecal GGT activity relative to vehicle-treated controls and mice treated with 

heat-killed bacteria (Figure 7D). Overall, these data reveal that enriching for or 

exogenous treatment with A. muciniphila and Parabacteroides spp. reduces fecal GGT 

activity, which could explain the low levels of colonic and serum GG-amino acids 

observed in seizure-protected mice. 

 

To explore whether bacterial gamma-glutamylation is affected by interactions between 

A. muciniphila and Parabacteroides spp., we measured GGT activity in bacteria grown 

in an in vitro cross-feeding system (Flynn et al., 2016). Since A. muciniphila does not 

exhibit GGT activity, we focused particularly on P. merdae, where GGT activity was 
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ablated by GGsTop (Figure S7A). When A. muciniphila is embedded in a CD- or KD-

based agar, and P. merdae is overlaid in M9 minimal media over the agar, both bacteria 

exhibit enhanced growth (Figures 7E and 7F), suggesting that A. muciniphila liberates 

soluble factors to enable P. merdae growth and in turn P. merdae enhances A. 

muciniphila growth. This cooperative interaction could contribute to the endogenous 

enrichment of both A. muciniphila and Parabacteroides spp. in KD-fed mice (Figure 

1F). Pilot experiments revealed no growth of A. muciniphila in M9 media when overlaid 

on P. merdae embedded in KD or CD agar, suggesting that A. muciniphila cannot rely 

solely on cross-feeding from P. merdae to persist. Interestingly, P. merdae exhibits high 

GGT activity that is eliminated by the addition of A. muciniphila embedded in CD or KD 

agar (Figures 7G and 7H), which aligns with the decreases in fecal GGT activity and 

GG amino acid levels observed after KD bacterial enrichment in vivo. Findings from 

these experiments raise the question of whether there is physiological function of 

restricting GGT activity in abundant P. merdae as opposed to restricting overall growth 

of P. merdae. To determine whether reduction of GGT activity in P. merdae affects A. 

muciniphila growth, we pre-treated P. merdae with vehicle or GGsTop to 

pharmacologically inhibit GGT activity prior to testing in the cross-feeding assay. A. 

muciniphila exposed to P. merdae that was pre-treated with GGsTop exhibits increased 

growth at 24 hours after incubation as compared to A. muciniphila exposed to vehicle-

treated P. merdae (Figure S7B). Taken together, these findings suggest that A. 

muciniphila is capable of metabolizing components from the KD and CD diet to support 

P. merdae growth, and that this cooperative interaction reduces GGT activity. In turn, 

reductions in GGT activity in P. merdae promote A. muciniphila growth. This is 
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consistent with our finding that the KD increases intestinal relative abundance of both A. 

muciniphila and Parabacteroides spp., and that enrichment of A. muciniphila and 

Parabacteroides spp. reduces fecal GGT activity, colonic lumenal GG-amino acids and 

serum GG-amino acids in vivo. Overall, results from this study reveal that the KD alters 

the gut microbiota, promoting select microbial interactions that reduce bacterial gamma-

glutamylation activity, decrease peripheral GG-amino acids, elevate bulk hippocampal 

GABA/glutamate ratios and protect against seizures (Figure 8). 

  

DISCUSSION 

  

The microbiota plays a key role in host digestion, metabolism and behavior, but whether 

microbial responses to diet also impact neuronal activity is poorly understood. Here we 

demonstrate that the KD alters the gut microbiota across two seizure mouse models 

and that changes in the microbiota are necessary and sufficient for conferring seizure 

protection. Though studies examining the microbiota in human epilepsy are lacking, 

several clinical studies link antibiotic treatment to increased risk of status epilepticus or 

symptomatic seizures in epileptic individuals (Misra et al., 2013; Sutter et al., 2015). 

Prolonged treatment with metronidazole can provoke convulsions (Beloosesky et al., 

2000), and ampicillin exposure is associated with elevated seizure risk (Hodgman et al., 

1984; Hornik et al., 2016). Penicillin and other b-lactams are hypothesized to directly 

reduce GABAergic inhibition, but whether microbiota depletion, as opposed to bacterial 

infection, mediates increases in seizure frequency is not clear (Wong and Prince, 1979). 

Results from our study reveal that microbiota depletion via high-dose antibiotic 
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treatment raises seizure susceptibility and incidence in response to the KD in WT and 

Kcna1-/- mice. These effects of antibiotic treatment are abrogated by re-colonization with 

gut bacteria, suggesting that links between antibiotic use and seizure incidence in 

humans could be mediated by the microbiota. These pre-clinical studies suggest that 

future investigation is warranted to determine whether human epilepsy is associated 

with microbial dysbiosis and whether antibiotic exposure in epileptic individuals impacts 

response to the KD. 

 

Consistent with previous studies (Crawford et al., 2009; Klein et al., 2016b), we observe 

that mice fed the KD exhibit significant reductions in bacterial alpha diversity (Figure 

1E). In particular, the KD elevates A. muciniphila and Parabacteroides spp. in both 

Taconic Swiss Webster and Jackson C3HeB/FeJ Kcna1-/- mice (Figures 1, S1 and 5). 

Similar diet-induced increases in A. muciniphila are reported in response to caloric 

restriction and fish oil-based diets (high in saturated and polyunsaturated lipids) (Caesar 

et al., 2015; Dao et al., 2016a). Increases in A. muciniphila were similarly observed 

during fasting in humans (Dao et al., 2016a; Remely et al., 2015), hamsters (Sonoyama 

et al., 2009), squirrels, and pythons (Costello et al., 2010) and in response to caloric 

restriction and high polyunsaturated fat diets in mice (Caesar et al., 2015; Dao et al., 

2016a). A. muciniphila and Parabacteroides spp. are also associated with increased 

ketosis (David et al., 2014) and metabolic improvement in humans (Everard et al., 2013; 

Haro et al., 2016). One study also reports changes in the gut microbiota in response to 

the KD in BTBRT+tf/ and C57Bl/6J mice, where levels of Akkermansia were correlated 

with levels of serum glutamate, lactate, taurine and sarcosine (Klein et al., 2016b). 
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However, different taxonomic shifts were observed, highlighting that the KD-induced 

microbiota likely depends on host genetics and baseline microbiota profiles. Indeed, 

different species, strains and even cohorts of animals are known to exhibit microbiota 

profiles that vary in taxonomic membership (Godon et al., 2016; Hufeldt et al., 2010) but 

are functionally redundant (Lozupone et al., 2012; Moya and Ferrer, 2016), raising the 

question of whether there are additional taxa that also perform similarly to A. 

muciniphila and Parabacteroides spp. in our study. Further research is needed to 

determine effects of the KD on microbiome profiles in individuals with refractory epilepsy 

and whether particular taxonomic changes correlate with seizure severity. 

 

Cross-feeding is a common microbial phenomenon that typically occurs under nutrient 

deprivation, which places evolutionary pressure on cooperation over competition 

(Gudelj et al., 2016). Our study demonstrates that A. muciniphila and P. merdae 

together can mediate seizure protection in mice fed the KD (Figure 3) and also confer 

seizure protection to mice fed the CD (Figure 4). This suggests that cooperative 

microbe-microbe interactions or additive but independent host-microbial interactions 

may be involved. We observed evidence for microbial cross-feeding, where growth of 

either species alone was enhanced by exposure to soluble factors derived from the 

interaction partner (Figure 2C). Moreover, both the KD and exposure to A. muciniphila 

substantially decreased GGT activity in P. merdae (Figure 7D-F), suggesting that 

cooperative interactions between A. muciniphila and P. merdae could explain the 

reduced levels of colonic and serum GG-amino acids observed in seizure-protected 

mice. Consistent with this, low GGT activity was detected in fecal samples from mice 
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fed KD and enriched with A. muciniphila and Parabacteroides spp. (Figure 7G). These 

findings align with a prior report that low GGT activity is associated with increased 

relative abundance of A. muciniphila in humans (Dao et al., 2016b). In addition, one 

animal study revealed that dietary composition modulates gut GGT activity (Sobiech 

and Szewczuk, 1979). Future studies are needed to identify key molecules and 

response elements for cross-feeding between A. muciniphila and P. merdae and to 

reveal additional interactions fundamental to select bacteria from the gut microbiota. 

Amino acids are transported across the blood-brain barrier (BBB) (Sakai et al., 2004) 

and serve as nitrogen donors for glutamate and GABA biosynthesis (Yudkoff et al., 

2001a). GG-amino acids, in particular, are believed to exhibit increased transport 

properties, where the gamma-glutamyl moiety promotes translocation across lipid 

barriers (Castellano and Merlino, 2012). We found that many amino acids, including the 

ketogenic GG-amino acids lysine, leucine, threonine, tyrosine, and tryptophan, were 

decreased in serum and colonic lumenal contents of seizure-protected vs. seizure-

susceptible mice (Figures 6C, S6D and S6E and Tables S4 and S5). We further 

demonstrate that amino acid restriction is required for seizure protection and that 

inhibition of GGT promotes seizure protection (Figures 7A and 7B). These findings 

align with previous studies linking GGT activity to altered seizure severity. In a study of 

75 epileptic patients, high serum GGT activity was observed in 84.5% of the patients 

compared to controls (Ewen and Griffiths, 1973). In a rat seizure model, GGT activity 

was increased after 5 consecutive daily electroshock deliveries (Eraković et al., 2001). 

Decreases in various peripheral amino acids are associated with KD-mediated seizure 

suppression in animals and humans (Dahlin et al., 2005; Sariego-Jamardo et al., 2015; 
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van Karnebeek et al., 2012). Previous studies also highlight KD-induced increases in 

brain GABA in animal models (Bough, 2008; Calderon et al., 2017; Roy et al., 2015) 

and in humans, where elevated GABA levels are observed in patients fed a KD and 

correlate with seizure reductions (Dahlin et al., 2005; Wang et al., 2003). Findings from 

our study, as well as existing associations of KD-mediated seizure protection with 

elevated brain GABA and decreased peripheral amino acids, suggest that future studies 

are needed to determine whether peripheral amino acid restriction alters brain 

GABA/glutamate metabolism. 

 

The gut microbiota can impact levels of various neuroactive molecules in the periphery 

and in the brain itself, including select neurotransmitters, neuropeptides and 

neurotrophic factors, such as hippocampal serotonin, hypothalamic oxytocin and 

amygdalar brain-derived neurotrophic factor (BDNF) (Vuong et al., 2017). We find that 

diet- and microbiota-dependent seizure protection is associated with elevations in bulk 

GABA relative to glutamate content in the hippocampus (Figure 6F). Future studies are 

needed to determine whether other brain regions are similarly affected, and whether 

GABA localized particularly to neuronal synapses or intracellular vesicles are also 

modulated by the gut microbiota. Consistent with a role for the gut microbiota in 

modulating brain GABA levels, a previous study reveals that dietary fermentation by the 

gut microbiota modulates GABA levels in hypothalamic extracts (Frost et al., 2014). In 

addition, chronic Lactobacillus treatment elevates GABA levels in hippocampal and 

prefrontal cortex as detected by magnetic resonance spectroscopy (Janik et al., 2016). 

While several gut bacteria are reported to synthesize GABA de novo (Barrett et al., 
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2012; Dagorn et al., 2013; Higuchi et al., 1997), circulating GABA exhibits limited 

transport across the BBB (Frey et al., 1979; Perry and Hansen, 1973; Roberts and 

Kuriyama, 1968). While our study examines microbial and metabolic mechanisms 

underlying how the gut microbiota influences seizure outcomes, future interrogation of 

the precise neurological mechanisms underlying the anti-seizure effects of the KD and 

KD-associated microbiota is needed. Of particular interest is the question of whether the 

gut microbiota modulates seizure susceptibility and incidence via alterations in 

excitatory/inhibitory balance and neurotransmission in particular neural circuits. 

Overall, our study reveals a novel role for the gut microbiota in mediating and conferring 

seizure protection in two mouse models for refractory epilepsy. While the results lend 

credence to future research examining the gut microbiota in human epilepsy, several 

additional studies are needed to determine whether microbe-based treatments can be 

safely and effectively applied for clinical amelioration of seizure severity and incidence. 

 

 

Chapter Figures: 
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Figure 7 The Ketogenic Diet Alters the Microbiota and Protects Against 6-Hz 

Psychomotor Seizures. a, Seizure thresholds in response to 6-Hz stimulation in 

independent cohorts of mice fed the control diet (CD) or ketogenic diet (KD) for 2, 4, 8, 

10 or 14 days (left). n = 8, 6, 9, 20, 6 (CD); 8, 7, 12, 21, 5 (KD). Behavior in 

representative cohort of seizure-tested mice at 14 days post dietary treatment (right). 

Yellow line at y=10 seconds represents threshold for scoring seizures, and yellow 

triangle at 24 mA denotes starting current per experimental cohort. n = 16. b, Levels of 

serum glucose in independent cohorts of mice fed CD or KD for 2, 4, 8, 10 or 14 days. 

Data are normalized to serum glucose levels seen in SPF CD mice for each time point. 

n = 8, 5, 8, 8, 19  (CD); 8, 8, 8, 7, 19 (KD). c, Levels of serum beta-hydroxybutyrate 

(BHB) in independent cohorts of mice fed CD or KD for 2, 4, 8, 10 or 14 days. n = 8, 13, 
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8, 8, 37  (CD); 8, 16, 8, 7, 38 (KD). d, Principal coordinates analysis (PCoA) of weighted 

(left) and unweighted (right) UniFrac distance matrices based on 16S rDNA profiling of 

feces from independent cohorts of mice fed CD or KD for 0, 4, 8 or 14 days. n = 3 

cages/group. e, Alpha diversity of fecal 16S rDNA sequencing data from mice fed CD or 

KD for 14 days. n = 3 cages/group. f, Taxonomic distributions of bacteria from fecal 16S 

rDNA sequencing data (left). n = 3 cages/group. Relative abundances of Akkermansia 

muciniphila and Parabacteroides spp. from fecal 16S rDNA sequencing data (right). n = 

3 cages/group. Data are presented as mean ± s.e.m. Two-way ANOVA with Bonferroni 

(a-c, e), Kruskal-Wallis with Bonferroni (f): P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001. n.s.=not statistically significant. SPF=specific pathogen-free (conventionally-

colonized), CD=control diet, KD=ketogenic diet, CC50=current intensity producing 

seizures in 50% of mice tested, BHB=beta-hydroxybutyrate, OTUs=operational 

taxonomic units. 
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Figure 8 The Ketogenic Diet Alters Relative Abundances of Particular Bacterial 

Taxa from the Gut Microbiota. a, Alpha diversity based on 16S rDNA sequencing of 

the fecal gut microbiota on days 0, 4, 8 and 14 after treatment with the control diet (CD, 

top) vs. ketogenic diet (KD, bottom) n = 3 per time point. b, Heatmap of 16S rDNA 

sequencing data, where columns represent bacterial taxa indicated by their lowest 

resolved taxonomic levels. Rows represent fecal samples collected from CD or KD-fed 

mice at Day 0 (pre-treatment), 4, 8 or 14, where gray fields indicate mice fed CD and 

blue indicate mice fed KD. Phylogenetic classifications are based on weighted UniFrac 
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data. Asterisks denote statistical significance between CD and KD groups (excluding 

Day 0). Red text highlights A. muciniphila and Parabacteroides spp. n = 3. c, Relative 

abundances of select bacterial taxa that are enriched in SPF mice fed KD (top row) or 

CD (bottom row). n = 3. Data are presented as mean ± s.e.m. Kruskal-Wallis with 

Bonferroni: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n.s.=not statistically 

significant. CD=control diet, KD=ketogenic diet. 

 

 
 
Figure 9 The Microbiota is Required for the Anti-Seizure Effects of the Ketogenic 

Diet. a, Seizure thresholds in response to 6-Hz stimulation in SPF, GF or 

conventionalized GF mice fed CD or KD. n = 13, 18, 12, 6. b, Serum BHB (left) and 

glucose (right) levels in SPF, GF or conventionalized GF mice fed CD or KD. n = 37, 38, 

19, 8. c, Seizure thresholds in response to 6-Hz stimulation in SPF mice treated with 

vehicle or Abx pre-dietary treatment. n = 13, 18, 13. d, Serum BHB (left) and glucose 

(right) levels in SPF mice treated with vehicle or Abx pre-dietary treatment. n = 18, 18, 
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19 (BHB); n = 12, 11, 11 (glucose). Data are presented as mean ± s.e.m. One-way 

ANOVA with Bonferroni: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n.s.=not 

statistically significant. SPF=specific pathogen-free (conventionally-colonized), 

GF=germ-free, GF-conv=germ-free conventionalized with SPF microbiota, CD=control 

diet, KD=ketogenic diet, CC50=current intensity producing seizures in 50% of mice 

tested. BHB=betahydroxybutyrate, veh=vehicle, Abx=antibiotics (ampicillin, vancomycin, 

neomycin, metronidazole [AVNM]).  
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Figure 10: The Microbiota is Required for the Anti-Seizure Effects of the 

Ketogenic Diet. a, Seizure thresholds in response to 6-Hz stimulation in SPF, GF or 

conventionalized GF mice fed CD or KD. n = 13, 18, 12, 6. b, Serum BHB (left) and 

glucose (right) levels in SPF, GF or conventionalized GF mice fed CD or KD. n = 37, 38, 

19, 8. c, Seizure thresholds in response to 6-Hz stimulation in SPF mice treated with 

vehicle or Abx pre-dietary treatment. n = 13, 18, 13. d, Serum BHB (left) and glucose 

(right) levels in SPF mice treated with vehicle or Abx pre-dietary treatment. n = 18, 18, 
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19 (BHB); n = 12, 11, 11 (glucose). Data are presented as mean ± s.e.m. One-way 

ANOVA with Bonferroni: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n.s.=not 

statistically significant. SPF=specific pathogen-free (conventionally-colonized), 

GF=germ-free, GF-conv=germ-free conventionalized with SPF microbiota, CD=control 

diet, KD=ketogenic diet, CC50=current intensity producing seizures in 50% of mice 

tested. BHB=betahydroxybutyrate, veh=vehicle, Abx=antibiotics (ampicillin, vancomycin, 

neomycin, metronidazole [AVNM]).  

 

 
 
Figure 11: KD-Associated Bacteria Sufficiently Mediate the Anti-Seizure Effects of 

the Ketogenic Diet. a, Seizure thresholds in response to 6-Hz stimulation in SPF mice 

pre-treated with vehicle or Abx, and colonized with Parabacteroides spp. (P. merdae 
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and P. distasonis), Akkermansia muciniphila, both, or Bifidobacterium longum (left). n = 

13, 18, 15, 6, 8, 5, 5. Behavior in representative cohort of seizure-tested mice (right). 

Yellow line at y=10 seconds represents threshold for scoring seizures, and yellow 

triangle at 24 mA denotes starting current per experimental cohort. n = 12, 16, 8, 25. b, 

Fluorescence in situ hybridization for A. muciniphila (MUC1437) and select Bacteroides, 

including P. merdae and P. merdae (BAC303) in colonic lumen from SPF mice fed CD, 

SPF mice fed KD or A. muciniphila and Parabacteroides-enriched mice fed KD. Scale 

bar indicates 25 um. Dotted lines indicate the borders of the intestinal epithelium. n = 3. 

c, Seizure thresholds in response to 6-Hz stimulation in GF mice colonized with 

Parabacteroides spp. (P. merdae and P. distasonis) and Akkermansia muciniphila (top). 

n = 15, 4, 9, 9. Behavior in seizure-tested mice (bottom). Yellow line at y=10 seconds 

represents threshold for scoring seizures, and yellow triangle at 24 mA denotes starting 

current per experimental cohort. n = 17, 19. Data are presented as mean ± s.e.m. One-

way ANOVA with Bonferroni: **P < 0.01, ***P < 0.001, ****P < 0.0001. SPF=specific 

pathogen-free (conventionally-colonized), GF=germ-free, CD=control diet, 

KD=ketogenic diet, CC50=current intensity producing seizures in 50% of mice tested, 

veh=vehicle, Abx=pre-treated with antibiotics (ampicillin, vancomycin, neomycin, 

metronidazole [AVNM]), Pb=Parabacteroides spp. (P. merdae and P. distasonis), 

Akk=Akkermansia muciniphila, AkkPb=A. muciniphila, P. merdae and P. distasonis, 

Bf=Bifidobacterium longum.  
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Figure 12: Colonization, Weight, Glucose and BHB Levels After Abx Treatment. a, 

Relative abundance of Akkermansia muciniphila (left) and Parabacteroides spp. (right), 

measured by 16S rDNA sequencing, after colonization of Abx-treated SPF mice. n = 3, 

3, 3, 3, 3, 3, 4, 7, 4, 3, 3, 3 cages. b, Cecal weight (left) and mouse weight (right) at 14 

days after dietary treatment in Abx-treated SPF mice colonized with different bacterial 

taxa. n = 28, 28, 12, 32, 6, 16, 12, 14, 18, 15, 6, 6. c, Serum glucose (left) and BHB 
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(right) concentrations at 14 days after dietary treatment in Abx-treated SPF mice 

colonized with different bacterial taxa. n = 12, 11, 11, 8, 6, 14, 6, 14, 6 (glucose); n = 18, 

18, 12, 19, 6, 16, 12, 6, 18, 6, 12, 6 (BHB). d, Seizure thresholds in response to 6-Hz 

stimulation in SPF mice pre-treated with vehicle or Abx, and colonized with A. 

muciniphila and Parabacteroides merdae (Pbmerd), Parabacteroides distasonis 

(Pbdist), or both (left). n = 8, 5, 6. Behavior in representative cohort of seizure-tested 

mice (right). Yellow line at y=10 seconds represents threshold for scoring seizures, and 

yellow triangle at 24 mA denotes starting current per experimental cohort. n = 16, 25. 

Data are presented as mean ± s.e.m. One-way ANOVA with Bonferroni: *P < 0.05, **P 

< 0.01, ***P < 0.001, ****P < 0.0001. SPF=specific pathogen-free (conventionally-

colonized), GF=germ-free, CD=control diet, KD=ketogenic diet, CC50=current intensity 

producing seizures in 50% of mice tested, veh=vehicle, Abx=pre-treated with antibiotics 

(ampicillin, vancomycin, neomycin, metronidazole [AVNM]), Pb=Parabacteroides spp. 

(P. merdae and P. distasonis), Akk=Akkermansia muciniphila, AkkPb=A. muciniphila, P. 

merdae and P. distasonis, Bf=Bifidobacterium longum. 
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Figure 13: KD-Associated Bacteria Sufficiently Confer Seizure Protection in Mice 

Fed the Control Diet. a, Seizure thresholds in response to 6-Hz stimulation in Abx-

treated SPF transplanted with the CD microbiota (CD-FMT) or KD microbiota (KD-FMT) 

and fed the CD or KD (left). n = 6, 5, 5. Behavior in representative cohort of seizure-

tested mice (right). Yellow line at y=10 seconds represents threshold for scoring 

seizures, and yellow triangle at 24 mA denotes starting current per experimental cohort. 

n = 12. b, Seizure thresholds in response to 6-Hz stimulation in SPF mice pre-treated 

with vehicle or Abx, and colonized with Parabacteroides spp. (P. merdae and P. 

distasonis), Akkermansia muciniphila, both, or Bifidobacterium longum (left). n = 13, 18, 

9, 8, 6, 6. Behavior in representative cohort of seizure-tested mice (right). Yellow line at 

y=10 seconds represents threshold for scoring seizures, and yellow triangle at 24 mA 
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denotes starting current per experimental cohort. n = 16, 16, 12, 12. c, Seizure 

thresholds in response to 6-Hz stimulation in SPF mice orally gavaged with 

Akkermansia muciniphila, P. merdae and P. distasonis (AkkPb), A. muciniphila alone 

(Akk), or heat-killed Akkermansia muciniphila and Parabacteroides spp (hk-AkkPb). 

(left). n = 6, 6, 4, 3. Behavior in seizure-tested mice (right). Yellow line at y=10 seconds 

represents threshold for scoring seizures, and yellow triangle at 24 mA denotes starting 

current per experimental cohort. n = 15, 20, 8, 8. Data are presented as mean ± s.e.m. 

One-way ANOVA with Bonferroni: *P < 0.05, ***P < 0.001, ****P < 0.0001. SPF=specific 

pathogen-free (conventionally-colonized), CD=control diet, KD=ketogenic diet, 

CC50=current intensity producing seizures in 50% of mice tested, CD-

FMT=transplanted with CD microbiota, KD-FMT=transplanted with KD microbiota, 

veh=vehicle, Abx=pre-treated with antibiotics (ampicillin, vancomycin, neomycin, 

metronidazole [AVNM]), Pb=Parabacteroides spp. (P. merdae and P. distasonis), 

Akk=Akkermansia muciniphila, AkkPb=A. muciniphila, P. merdae and P. distasonis, 

Bf=Bifidobacterium longum, hk-AkkPb=heat-killed A. muciniphila, P. merdae and P. 

distasonis. 
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Figure 14 

Reversion of the KD Microbiota and KD-Associated Seizure Protection in 

Response to the Control Diet. a, Principal coordinates analysis (PCoA) of weighted 

UniFrac distance matrices based on longitudinal 16S rDNA profiling of feces from SPF 

mice fed CD for 28 days (CD), mice fed KD for 28 days (KD), or mice fed KD for 14 

days followed by CD for 14 days (KD-CD). n = 3 cages/group. b, Seizure thresholds in 

response to 6-Hz stimulation in SPF mice fed CD for 28 days (CD), mice fed KD for 28 

days (KD), or mice fed KD for 14 days followed by CD for 14 days (KD-CD) (left). n = 4. 

Behavior in representative cohort of seizure-tested mice (right). Yellow line at y=10 

seconds represents threshold for scoring seizures, and yellow triangle at 24 mA 

denotes starting current per experimental cohort. n = 8, 9, 9. c, Seizure thresholds in 
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response to 6-Hz stimulation in SPF mice at 21 days after probiotic treatment with 

Akkermansia muciniphila, P. merdae and P. distasonis (AkkPb), A. muciniphila alone 

(Akk), or heat-killed Akkermansia muciniphila and Parabacteroides spp (hk-AkkPb). 

(left). n = 8. d, Seizure thresholds in response to 6-Hz stimulation in SPF mice orally 

gavaged for 4 days with vehicle or Akkermansia muciniphila, P. merdae and P. 

distasonis (AkkPb). n = 6, 7, 7, 7. Data are presented as mean ± s.e.m. One-way 

ANOVA with Bonferroni: *P < 0.05, **P < 0.01, ****P < 0.0001, n.s.=not statistically 

significant. SPF=specific pathogen-free (conventionally-colonized), CD=control diet, 

KD=ketogenic diet, KD-CD=fed KD for 14 days followed by CD for 14 days. 

CC50=current intensity producing seizures in 50% of mice tested, veh=vehicle, 

Akk=Akkermansia muciniphila, AkkPb=A. muciniphila, P. merdae and P. distasonis, hk-

AkkPb=heat-killed A. muciniphila, P. merdae and P. distasonis.  
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Figure 15: KD-Associated Bacteria Mediate Protection Against Tonic-Clonic 

Seizures in Response to the Ketogenic Diet. a, Principal coordinates analysis 

(PCoA) of weighted UniFrac distances based on 16S rDNA profiling of feces Kcna1-/- 

mice fed CD or KD for 14 days. n = 5 cages/group. b, Average taxonomic distributions 

of bacteria from fecal 16S rDNA sequencing data (left). Relative abundances of 

Akkermansia muciniphila and Parabacteroides spp. From fecal 16S rDNA sequencing 

data (right). n = 5 cages/group. c, Representative EEG trace showing stages used to 
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define seizures quantified in d. d, Average number of seizures per day (left) and total 

duration of seizures per day (right) in SPF Kcna1-/- mice treated with vehicle or Abx, 

colonized with A. muciniphila  and Parabacteroides spp. or nothing, and fed CD or KD. 

n = 2, 6, 6, 12, 9, 3. e, Average number of seizures per day (left), average duration per 

seizure (middle) and total duration of seizures per day (right) in SPF CD Kcna1-/- mice 

treated with GGsTop. Data for SPF CD mice are as in (d). n =  6, 4. Data are presented 

as mean ± s.e.m. Kruskal-Wallis with Bonferroni (a,b), non-parametric one-way nested 

ANOVA with Dunn (d), non-parametric Kolgomorov-Smirnov t test (e). SPF=specific 

pathogen-free (conventionally-colonized), CD=control diet, KD=ketogenic diet, 

veh=vehicle, Abx=pre-treated with antibiotics (ampicillin, vancomycin, neomycin, 

metronidazole [AVNM]), AkkPb=A. muciniphila, P. merdae and P. distasonis.  
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Figure 16: Weight, Food Consumption, Survival and Seizure Properties in the 

KCNA1 Mouse Line. a, Weight gain (top) and food consumption (bottom) in Kcna1-/- 

mice fed CD vs KD. n = 8 (weight); n = 6 (food). b, Survival curves in Kcna1-/- mice fed 

CD vs KD. n = 13. c, Average duration per seizure (right) in SPF Kcna1-/- mice treated 

with vehicle or Abx, colonized with A. muciniphila and Parabacteroides spp. or nothing, 

and fed CD or KD. n = 2, 6, 5, 12, 9, 1. Average seizure frequency per day (d), average 

seizure spike frequency per seizure (e), average interspike interval per seizure (f) and 

relative duration of maximum spike amplitude per seizure (g) for seizures observed 
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during the light phase (0600-1800), dark phase (1800-0600) or total duration. n = 6, 4, 

12, 9, 1. Data are presented as mean ± s.e.m. Two-way ANOVA with Bonferroni (a,b), 

non-parametric one-way ANOVA with Dunn (c-g). n.s.=not statistically significant. 

SPF=specific pathogen-free (conventionally-colonized), CD=control diet, KD=ketogenic 

diet, CC50=current intensity producing seizures in 50% of mice tested.  
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Figure 17 The Colonic Lumenal and Serum Metabolomes are Modulated by the 

Ketogenic Diet and Microbiota Status. a, Number of statistically significant alterations 

in metabolites out of the 622 detected in colonic lumen and 670 detected in serum. 

Values noted in black text are total number of metabolites altered, with values in green 



 
219 

 
 
 
 

denoting upregulation and values in red denoting downregulation. n = 8 cages/group. b, 

Levels of glucose (left) and BHB (right) detected by metabolomics screening of colonic 

lumen (top) and serum (bottom). n = 8 cages/group. c, Biochemicals, identified by 

Random Forests classification of colonic lumenal (top) and serum (bottom) 

metabolomes, that contribute most highly to the discrimination of CD-fed (SPF CD) from 

KD-fed (Abx KD, SPF KD, AkkPb KD) groups. n = 8 cages/group. d, Levels of non-

gamma glutamylated amino acids in colonic lumenal contents from SPF mice fed CD, 

SPF mice fed KD, Abx-treated mice fed KD, and AkkPb-colonized mice fed KD. n = 8 

cages/group. e, Levels of non-gamma glutamylated amino acids in sera from SPF mice 

fed CD, SPF mice fed KD, Abx-treated mice fed KD, and AkkPb-colonized mice fed KD. 

n = 8 cages/group. Data are presented as mean ± s.e.m. Two-way ANOVA contrasts: 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n.s.=not statistically significant. 

CD=control diet, KD=ketogenic diet, SPF=specific pathogen-free (conventionally-

colonized), veh=vehicle, Abx=pre-treated with antibiotics (ampicillin, vancomycin, 

neomycin, metronidazole [AVNM]), AkkPb=A. muciniphila, P. merdae and P. distasonis, 

a.u.=arbitrary units, BHB=beta-hydroxybutyrate. 
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Figure 18: The Colonic Lumenal and Serum Metabolomes are Modulated by the 

Ketogenic Diet and Microbiota Status. a, Number of statistically significant alterations 

in metabolites out of the 622 detected in colonic lumen and 670 detected in serum. 

Values noted in black text are total number of metabolites altered, with values in green 

denoting upregulation and values in red denoting downregulation. n = 8 cages/group. b, 

Levels of glucose (left) and BHB (right) detected by metabolomics screening of colonic 

lumen (top) and serum (bottom). n = 8 cages/group. c, Biochemicals, identified by 

Random Forests classification of colonic lumenal (top) and serum (bottom) 

metabolomes, that contribute most highly to the discrimination of CD-fed (SPF CD) from 

KD-fed (Abx KD, SPF KD, AkkPb KD) groups. n = 8 cages/group. d, Levels of non-

gamma glutamylated amino acids in colonic lumenal contents from SPF mice fed CD, 

SPF mice fed KD, Abx-treated mice fed KD, and AkkPb-colonized mice fed KD. n = 8 
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cages/group. e, Levels of non-gamma glutamylated amino acids in sera from SPF mice 

fed CD, SPF mice fed KD, Abx-treated mice fed KD, and AkkPb-colonized mice fed KD. 

n = 8 cages/group. Data are presented as mean ± s.e.m. Two-way ANOVA contrasts: 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n.s.=not statistically significant. 

CD=control diet, KD=ketogenic diet, SPF=specific pathogen-free (conventionally-

colonized), veh=vehicle, Abx=pre-treated with antibiotics (ampicillin, vancomycin, 

neomycin, metronidazole [AVNM]), AkkPb=A. muciniphila, P. merdae and P. distasonis, 

a.u.=arbitrary units, BHB=beta-hydroxybutyrate. 
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Figure 19: The Ketogenic Diet and Bacterial Cross-Feeding Reduces Gamma 

Glutamyltranspeptidase (GGT) Activity, and GGT Inhibition Sufficiently Confers 

Seizure Protection. a, 6-Hz seizure thresholds in response to oral gavage with the 
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GGT inhibitor, GGsTop, in SPF mice fed CD (left). n = 6, 9. Behavior in seizure-tested 

mice (right). Yellow line at y=10 seconds represents threshold for scoring seizures, and 

yellow triangle at 24 mA denotes starting current per experimental cohort. n = 16. b, 6-

Hz seizure thresholds in response to supplementation with ketogenic amino acids in 

Abx-treated SPF mice enriched for A. muciniphila and Parabacteroides spp (left). n = 5, 

6. Behavior in seizure-tested mice (right). Yellow line at y=10 seconds represents 

threshold for scoring seizures, and yellow triangle at 24 mA denotes starting current per 

experimental cohort. n = 12. c, Total GGT activity per 100 mg feces from SPF CD, SPF 

KD, AkkPb KD, or AkkPb CD mice (left), and inhibition by GGsTop (right). n = 5. d, Total 

GGT activity per 100 mg feces from SPF CD animals treated with vehicle, A. 

muciniphila and Parabacteroides spp. probiotic, or heat-killed bacteria for bi-daily for 28 

days (left), and inhibition by GGsTop (right). n = 5. e, (left) Levels of live A. muciniphila 

(Akk) after incubation in CD vs KD culture media or in CD or KD agar overlaid with M9 

minimal media containing live Parabacteroides merdae (PbM) or no bacteria (0). n = 3. 

f, Levels of live PbM after incubation in M9 minimal media overlaid on CD or KD agar 

containing Akk or no bacteria (0). n = 5. g, GGT activity in P. merdae grown in M9 

media overlaid on CD agar containing A. muciniphila or no bacteria at t=24 hrs, and 

inhibition of GGT activity by GGsTop. n = 5. h, GGT activity in P. merdae grown in M9 

media overlaid on KD agar containing A. muciniphila or no bacteria at t=24 hrs, and 

inhibition of GGT activity by GGsTop. n = 5. Data are presented as mean ± s.e.m. 

Students’ t-test (a,b), Two-way ANOVA with Bonferroni (c, d), One-way ANOVA with 

Bonferroni (e-h): **P < 0.01, ***P < 0.001, ****P < 0.0001. SPF=specific pathogen-free 

(conventionally-colonized), CD=control diet, KD=ketogenic diet, CC50=current intensity 
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producing seizures in 50% of mice tested, AA=amino acids, veh=vehicle, Abx=pre-

treated with antibiotics (ampicillin, vancomycin, neomycin, metronidazole [AVNM]), 

AkkPb=A. muciniphila, P. merdae and P. distasonis, GGsTop=GGT inhibitor, 

PbM=Parabacteroides merdae, Akk=Akkermansia muciniphila, M9=minimal media, 

GGT=gamma-glutamyltranspeptidase, AU=absorbance units.  

 
 

Figure 20: Amino Acid Effects on Seizures, Bacterial GGT Activity and Dietary 

Modulation of Bacterial Genes for Amino Acid Metabolism. a, GGT activity in 
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conventionally-cultured Parabacteroides merdae (left) and A. muciniphila (right), treated 

with GGsTop or vehicle. n = 5. b, Levels of A. muciniphila (Akk) after 0, 7, or 24 hours 

incubation in CD agar overlaid with P. merdae (PbM) that was pre-treated with vehicle 

or GGsTop in M9 minimal media. n=3. c, Inferred content of genes relevant to amino 

acid metabolism based on 16S rDNA sequencing of microbiomes from SPF mice fed 

CD or KD for 0, 4, 8, and 14 days. Genes in red text denote relevance to ketogenic 

amino acid metabolism and gamma-glutamylation. n = 3 cages/group. Data are 

presented as mean ± s.e.m. One-way ANOVA with Bonferroni (a): *P < 0.05, Two-way 

ANOVA with Bonferroni (b): **P < 0.01, PbM=Parabacteroides merdae, 

Akk=Akkermansia muciniphila, GGsTop=GGT inhibitor,  GGT=gamma-

glutamyltranspeptidase, AU=absorbance units.  
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Figure 21: Model for Effects of the Ketogenic Diet (KD) on the Gut Microbiome 

and Seizure Protection. The high fat, low carbohydrate KD decreases alpha-diversity 

of the gut microbiota, while enriching relative abundance of particular bacterial taxa that 

can subsist in polysaccharide-restricted environments, including A. muciniphila and 

Parabacteroides spp. The KD and cross-feeding between bacteria, including A. 
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muciniphila and Parabacteroides spp., decreases gamma-glutamyltranspeptidase 

activity of the gut microbiota. As a result, decreased levels of gamma-glutamyl amino 

acids are detected in the colonic lumen and the blood, among many other microbiota-

related metabolomic alterations. Gamma-glutamyl amino acids exhibit altered transport 

properties, where the brain relies on peripheral amino acid transport for regulation of 

central metabolism of neurochemicals, including GABA and glutamate. The KD 

microbiota, and A. muciniphila and Parabacteroides spp. in particular, sufficiently raise 

hippocampal GABA/glutamate ratios and protect against induced 6-Hz psychomotor 

seizures in wild-type mice as well as spontaneous tonic-clonic seizures in Kcna1 

deficient mice.  
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o   Beta-hydroxybutyrate Measurements 
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o   Fecal Microbiota Transplant 

o   Bacterial Treatment 

o   Kcna1 Seizure EEG Recordings 

o   Colonic Lumenal and Serum Metabolomics 

o   Hippocampal Metabolomics 
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o   GGsTop Treatment 
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o   Intestinal Permeability Assay 

·    QUANTIFICATION AND STATISTICAL ANALYSIS 

·    DATA AND SOFTWARE AVAILABILITY 

  

REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and Virus Strains 

Akkermansia muciniphila ATCC ATCC BAA845 
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Parabacteroides merdae ATCC ATCC 43184 

Parabacteroides distasonis ATCC ATCC 8503 

Bifidobacterium longum ATCC ATCC 15707 

Chemicals, Peptides, and Recombinant Proteins 

GGsTop, 3-[[(3-amino-3-
carboxypropyl) 
methoxyphosphinyl]oxy]benzen
eacetic acid 

Tocris 
Bioscience 

4452; CAS: 926281-37-0 

Mucin from porcine stomach, 
type III 

Sigma-
Aldrich 

·    M1778; CAS: 84082-64-4 

L-gamma-glutamyl-3-carboxy-4-
nitroanilide 

Gold Bio G-380-1; CAS: 63699-78-5 

4 kDa FITC-dextran Sigma-
Aldrich 

46944; CAS: 60842-46-8 

Critical Commercial Assays 

Glucose Colorimetric Assay Kit Cayman 
Chemical 

Cat# 10009582 

Beta-hydroxybutyrate 
Colorimetric Assay Kit 

Cayman 
Chemical 

Cat# 700190 

MoBio PowerSoil Kit Mo Bio Cat# 12888-100 

Deposited Data 

16S rDNA sequences This paper https://qiita.ucsd.edu, 11566 

Experimental Models: Organisms/Strains 

Mouse: Swiss Webster, germ-
free 

Taconic Taconic: SW GF 
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Mouse: Swiss Webster, specific 
pathogen-free 

Taconic Taconic: SW MPF 

Mouse: Kcna1-/-: 
C3HeB.129S7-Kcna1tm1Tem/J 

Dr. Bruce 
Tempel 

JAX: 003532 

Oligonucleotides 

MUC1437: 6FAM-
CCTTGCGGTTGGCTTA 
  

Derrien, et 
al., 2008 

Sigma Aldrich: custom oligo 

BAC303: Texas Red-
CCAATGTGGGGGACCTT 

Manz, et 
al., 1996 

Sigma Aldrich: custom oligo 

Software and Algorithms 

Ethovision XT 11 Noldus Cat # EX11-MAMBP-E 

QIIME1.8.0 Caporaso 
et al., 2010 

http://qiime.org/ 

Greengenes Lawrence 
Berkeley 
National 
Labs 
  

http://greengenes.lbl.gov/cgi-bin/nphindex. 
cgi 

PICRUSt Langille et 
al., 2013 

http://picrust.github.io/picrust/ 

Ponemah V5.1 Data 
Sciences 
Internation
al 

https://www.datasci.com/products/software/p
onemah 

Neuroscore Data 
Sciences 
Internation
al 

https://www.datasci.com/products/software/n
euroscore 

TraceFinder 3.3 ThermoFis
her 
Scientific 

OPTON-30491 
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ImageJ National 
Institutes of 
Health 

https://imagej.nih.gov/ij/ 

Other 

Ketogenic Diet Mouse Chow Envigo TD.07797.PWD 

Control Diet Mouse Chow Envigo TD.150300 

Standard Diet Mouse Chow LabDiet # 5010 

ECT Unit Ugo Basile Model # 57800 

EEG transmitters Data 
Sciences 
Internation
al 

PhysioTel ETA-F10 

  

Table 5 KEY RESOURCES TABLE 

 
CONTACT FOR REAGENT AND RESOURCE SHARING 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact, Elaine Hsiao (ehsiao@ucla.edu) 

  

EXPERIMENTAL MODELS AND SUBJECT DETAILS 

  

Mice 

3-4 week old SPF wildtype Swiss Webster mice (Taconic Farms), GF wildtype Swiss 

Webster mice (Taconic Farms) and SPF C3HeB/FeJ KCNA1 KO mice (Jackson 

Laboratories) were bred in UCLA’s Center for Health Sciences Barrier Facility. Breeding 

animals were fed “breeder” chow (Lab Diets 5K52). Experimental animals were fed 
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standard chow (Lab Diet 5010), 6:1 ketogenic diet (Harlan Teklad TD.07797.PWD; 

Supplementary Table 1) or vitamin- and mineral-matched control diet (Harlan Teklad 

TD.150300; Supplementary Table 1). Juvenile mice were used to i) mimic the typical 

use of the KD to treat pediatric and adolescent epileptic patients, ii) align the timing of 

mouse brain development to early human brain development, where 

neurodevelopmental milestones in 3-week old mice are comparable to those of the 2-3 

year old human brain (Semple et al., 2013),, and iii) preclude pre-weaning dietary 

treatment, where effects of the diet on maternal behavior and physiology would 

confound direct effects of the diet on offspring. Mice were randomly assigned to an 

experimental group. Experiments include age- and sex-matched cohorts of males and 

females. Consistent with prior reports (Dutton et al., 2011), we observed no significant 

differences in seizure threshold or BHB levels in male vs. female WT mice. All animal 

experiments were approved by the UCLA Animal Care and Use Committee. 

  

Bacteria 

A. muciniphila (ATCC BAA845) was cultured under anaerobic conditions at 37°C in 

Brain Heart Infusion (BHI) media supplemented with 0.05% hog gastric mucin type III 

(Sigma Aldrich). P. merdae (ATCC 43184) and P. distasonis (ATCC 8503) were grown 

in anaerobic conditions at 37°C in Reinforced Clostridial Media (RCM). Cultures were 

authenticated by full-length 16S rDNA sequencing. 

  

METHOD DETAILS 
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6-Hz Psychomotor Seizure Assay 

The 6-Hz test was conducted as previously described (Samala et al., 2008). Pilot 

studies revealed no sexual dimorphism in seizure threshold. All subsequent 

experimental cohorts contained male mice. One drop (~50 ul) of 0.5% tetracaine 

hydrochloride ophthalmic solution was applied to the corneas of each mouse 10-15 min 

before stimulation. Corneal electrodes were coated with a thin layer of electrode gel 

(Parker Signagel). A constant-current current device (ECT Unit 57800, Ugo Basile) was 

used to deliver current at 3 sec duration, 0.2 ms pulse-width and 6 pulses/s frequency. 

CC50 (the intensity of current required to elicit seizures in 50% of the experimental 

group) was measured as a metric for seizure susceptibility. Pilot experiments were 

conducted to identify 24 mA as the CC50 for SPF wild-type Swiss Webster mice. Each 

mouse was seizure-tested only once, and thus at least n > 6 mice were used to 

adequately power each experiment group. To determine CC50s for each experimental 

group, 24 mA currents were administered to the first mouse per experimental group per 

cohort, followed by fixed increases or decreases by 2 mA intervals. Mice were 

restrained manually during stimulation and then released into a new cage for behavioral 

observation. Locomotor behavior was recorded using Ethovision XT software (Noldus) 

and quantitative measures for falling, tail dorsiflexion (Straub tail), forelimb clonus, 

eye/vibrissae twitching and behavioral remission were scored manually. For each 

behavioral parameter, we observed no correlation between percentage incidence during 

24 mA seizures and microbiota status or group seizure susceptibility, suggesting a 

primary effect of the microbiota on seizure incidence rather than presentation or form. 

Latency to exploration (time elapsed from when an experimental mouse is released into 
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the observation cage (after corneal stimulation) to its first lateral movement) was scored 

using Ethovision and manually with an electronic timer. Mice were blindly scored as 

protected from seizures if they did not show seizure behavior and resumed normal 

exploratory behavior within 10 s. Seizure threshold (CC50) was determined as 

previously described (Kimball et al., 1957), using the average log interval of current 

steps per experimental group, where sample n is defined as the subset of animals 

displaying the less frequent seizure behavior. Data used to calculate CC50 are also 

displayed as latency to explore for each current intensity, where n represents the total 

number of biological replicates per group regardless of seizure outcome. 

  
Glucose Measurements 

Blood samples were collected by cardiac puncture and spun through SST vacutainers 

(Becton Dickinson) for serum separation. Glucose levels were detected in sera by 

colorimetric assay according to the manufacturer’s instructions (Cayman Chemical). 

Data compiled across multiple experiments are expressed as glucose concentrations 

normalized to SPF controls within each experiment. 

  

Beta-hydroxybutyrate (BHB) Measurements 

Blood was collected by cardiac puncture and spun through SST vacutainers (Becton 

Dickinson) for serum separation. The colon was washed and flushed with PBS to 

remove lumenal contents. Frontal cortex, hippocampus, hypothalamus and cerebellum 

were microdissected and livers were harvested and washed in PBS. Tissue samples 

were sonicated on ice in 10 s intervals at 20 mV in RIPA lysis buffer (Thermo Scientific). 

BHB levels were detected in sera by colorimetric assay according to the manufacturer’s 



 
235 

 
 
 
 

instructions (Cayman Chemical). Data were normalized to total protein content as 

detected by BCA assay (Thermo Pierce). Data compiled across multiple experiments 

are expressed as BHB concentrations normalized to SPF controls within each 

experiment. 

  

16S rDNA Microbiota Profiling 

Bacterial genomic DNA was extracted from mouse fecal samples or colonic lumenal 

contents using the MoBio PowerSoil Kit, where the sample n reflects independent cages 

containing 3 mice per cage. The library was generated according to methods adapted 

from (Caporaso et al., 2011). The V4 regions of the 16S rDNA gene were PCR 

amplified using individually barcoded universal primers and 30 ng of the extracted 

genomic DNA. The PCR reaction was set up in triplicate, and the PCR product was 

purified using the Qiaquick PCR purification kit (Qiagen). The purified PCR product was 

pooled in equal molar concentrations quantified by the Kapa library quantification kit 

(Kapa Biosystems, KK4824) and sequenced by Laragen, Inc. using the Illumina MiSeq 

platform and 2 x 250bp reagent kit for paired-end sequencing. Operational taxonomic 

units (OTUs) were chosen by open reference OTU picking based on 97% sequence 

similarity to the Greengenes 13_5 database. Taxonomy assignment and rarefaction 

were performed using QIIME1.8.0 (Caporaso et al., 2010) using 85,134 reads per 

sample. Metagenomes were inferred from closed reference OTU tables using PICRUSt 

(Langille et al., 2013). Results were filtered to display the top 72 genes relevant to 

amino acid metabolism in Figure S7C.  
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Microbiota Conventionalization 

Fecal samples were freshly collected from adult SPF Swiss Webster mice and 

homogenized in pre-reduced PBS at 1 ml per pellet. 100 ul of the settled suspension 

was administered by oral gavage to recipient GF mice. For mock treatment, mice were 

gavaged with pre-reduced PBS. 

  

Antibiotic Treatment 

SPF mice were gavaged with a solution of vancomycin (50mg/kg), neomycin (100 

mg/kg) and metronidazole (100 mg/kg) every 12 hours daily for 7 days, according to 

methods previously described (Reikvam et al., 2011), using dosages typically greater 

than those used for clinical therapeutic treatment. Ampicillin (1 mg/ml) was provided ad 

libitum in drinking water. For mock treatment, mice were gavaged with normal drinking 

water every 12 hours daily for 7 days. For Kcna1-/-  mice, drinking water was 

supplemented with vancomycin (500 mg/ml), neomycin (1 mg/ml) and ampicillin (1 

mg/ml) for 1 week to preclude the stress of oral gavage in seizure-prone mice. 

Antibiotic-treated mice were maintained in sterile caging with sterile food and water and 

handled aseptically for the remainder of the experiments. 

  

Gnotobiotic Colonization and Bacterial Enrichment 

109 cfu bacteria were suspended in 200 ul pre-reduced PBS and orally gavaged into 

antibiotic-treated mice or germ-free mice. When co-administered as “A. muciniphila and 

Parabacteroides spp.”, a ratio of 2:1:1 was used for A. muciniphila: P. merdae: P. 

distasonis. For mock treatment, mice were gavaged with pre-reduced PBS. Pilot studies 
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revealed no significant differences between colonization groups in fecal DNA 

concentration or 16S rDNA amplification, as measures relevant to bacterial load. Mice 

were maintained in microisolator cages and handled aseptically. Mice were seizure 

tested at 14 days after colonization. 

  

Bacterial Fluorescence In Situ Hybridization (FISH) 

Mouse colon was cut into distal, medial and proximal sections and fixed in 4% 

paraformaldehyde solution overnight at 4°C, washed and passed through 15% and 30% 

sucrose solutions. Colon tissues were then embedded in optimal cutting temperature 

(OCT) compound (Tissue-Tek) and cryosectioned into 5 um longitudinal sections (Leica 

CM1950). Slides were equilibrated in hybridization buffer (0.9 M NaCl, 20 mM Tris-HCl, 

0.01% sodium dodecyl sulfate, 10% formamide) and incubated in 10 ng/ul FISH probe 

(Sigma Aldrich) for 15 hr at 47°C in a humidified chamber. The probes were BAC303 

(Manz et al., 1996): 5’ Texas Red-CCAATGTGGGGGACCTT. MUC1437 (Derrien et al., 

2008): 5’ 6FAM-CCTTGCGGTTGGCTTA. Slides were then incubated for 20 min in 

wash buffer (0.9 M NaCl, 20 mM Tris-HCl) pre-heated to 47°C and washed gently three 

times in PBS. Samples were then incubated in the dark with 10mg/ml DAPI in PBS for 1 

hour at 4°C, washed three times in PBS and mounted in Vectashield mounting medium 

(Vector Labs). Images were acquired on a Leica TCS Sp5 confocal microscope using 

LAS AF software (Leica). A 63X oil-immersion objective was used for imaging. Stacks 

spanning 10 um thickness were compressed using Fiji software (NIH). 

  

Fecal Microbiota Transplant 
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Fecal samples were freshly collected from donor mice fed KD or CD for 14 days and 

suspended at 50 mg/ml in pre-reduced PBS. Antibiotic-treated mice were colonized by 

oral gavage of 100 ul suspension. For mock treatment, mice were gavaged with pre-

reduced PBS. Mice were housed in microisolator cages and handled aseptically. 

Seizure testing was conducted at 4 days after transplant. 

  

Bacterial Treatment 

A. muciniphila, P. merdae and P. distasonis were freshly cultured in anaerobic 

conditions as described above, and then washed, pelleted and re-suspended at 5 x 109 

cfu/ml in pre-reduced PBS. A. muciniphila with Parabacteroides spp. were prepared at a 

2:1:1 ratio. For heat-killing, bacteria were placed at 95°C for 10 min. Mice were gavaged 

every 12 hours for 28 days with 200 ul bacterial suspension or sterile pre-reduced PBS 

as vehicle control. 

  

Kcna1 Seizure Recordings 

EEG Implantation and Recovery. EEGs were recorded from male and female Kcna1-/- 

mice at 6-7 weeks of age. Kcna1+/+ littermates were used as controls. We observed no 

significant differences between males and females in seizure frequency and duration. 

Data presented include both sexes. Mice were anesthetized with isoflurane (5% 

induction, 2% maintenance) and eye ointment applied to each eye. Fur was removed 

along the head, and the area was cleaned with three alternative scrubs of 

chlorohexidine and 70% isopropanol. In a biosafety cabinet, mice were positioned in a 

stereotaxic apparatus (Harvard Biosciences) and 1 mg/kg lidocaine + 1 mg/kg 
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bupivacaine was applied locally along the incision site. Using sterile surgical tools, a 2 

cm incision was made along the dorsal midline from the posterior margin of the eyes to 

a point midway between the scapulae. A subcutaneous pocket along the dorsal flank 

was created and the pocket irrigated with sterile saline. A wireless telemetry transmitter 

was inserted with bi-potential leads oriented cranially. The skull was cleaned with 3% 

hydrogen peroxide followed by 70% isopropanol. Using a 1.0 mm micro drill bit, the skull 

was perforated to generate two small holes halfway between the bregma and lambda, 

and 1-2 mm from the sagittal suture. Bilateral EEG recording electrodes (Data Sciences 

International (DSI) PhysioTel, ETA-F10) were epidurally implanted over the 

frontoparietal cortex. Sterile acrylic was applied to the dried area. The incision site was 

closed with absorbable 5-0 sutures and cleaned with 3% hydrogen peroxide followed by 

70% ethanol. Animals were housed individually in autoclaved microisolator cages and 

allowed to recover for 3-5 days before recordings were initiated. 

  

Data Acquisition and Analysis. During EEG recordings animals were freely moving and 

maintained on experimental diet. EEG traces were acquired over 3 days using the DSI 

Ponemah V5.1 data acquisition system. Simultaneous video recordings of behavioral 

seizures were correlated with EEG recordings and scored based on an adapted Racine 

scale and defined by 5 stages: 1) myoclonic jerk, 2) head stereotypy and facial clonus, 

3) bilateral and alternating forelimb/hindlimb clonus, 4) rearing and falling, and 5) 

generalized tonic-clonic episodes (Fenoglio-Simeone et al., 2009; Simeone et al., 

2016). Data were analyzed by a blinded researcher using Neuroscore CNS Software 

(DSI). EEG signals were filtered using a 10 Hz high pass filter, and seizure events were 
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detected by blinded manual scoring. Seizures were defined as patterns of high-

frequency, high-voltage synchronized heterogeneous spike wave forms with amplitudes 

at least 2-fold greater than background with more than 6 s duration (Baraban et al., 

2009). The spike frequency was determined as number of spikes occurring above 

baseline in a given seizure, and the interspike interval was analyzed as a function of the 

time between spikes for five representative seizures in each phase per mouse. The 

duration of maximum spike amplitude was determined as the percent time spent in 

spikes that were three times as large as the baseline for five representative seizures in 

each phase per mouse (Sato and Woolley, 2016). 

  

Colonic Lumenal and Serum Metabolomics 

Samples were collected from mice housed across independent cages, with at least 2 

mice per cage. Colonic lumenal contents were collected from terminal mouse 

dissections, immediately snap frozen in liquid nitrogen and stored at -80°C. Serum 

samples were collected by cardiac puncture, separated using SST vacutainer tubes and 

frozen at -80°C. Samples were prepared using the automated MicroLab STAR system 

(Hamilton Company) and analyzed on GC/MS, LC/MS and LC/MS/MS platforms by 

Metabolon, Inc. Protein fractions were removed by serial extractions with organic 

aqueous solvents, 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 standards and run on a Waters ACQUITY 

UPLC and Thermo-Finnigan LTQ mass spectrometer, with a linear ion-trap front-end 

and a Fourier transform ion cyclotron resonance mass spectrometer back-end. For 
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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 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 one-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 distributions. Supervised Random 

Forest analysis was conducted to identify metabolomics prediction accuracies. 

  

Hippocampal Metabolomics 

Hippocampal tissues were homogenized in 1 ml cold 80% MeOH and vigorously mixed 

on ice followed by centrifugation (1.3*104 rpm, 4 °C). 5 ug supernatant was transferred 

into a glass vial, supplemented with 5 nmol D/L-norvaline, dried down under vacuum, 

and finally re-suspended in 70% acetonitrile. For the mass spectrometry-based analysis 

of the sample, 5 l were injected onto a Luna NH2 (150 mm x 2 mm, Phenomenex) 

column. The samples were analyzed with an UltiMate 3000RSLC (Thermo Scientific) 

coupled to a Q Exactive mass spectrometer (Thermo Scientific). The Q Exactive was 

run with polarity switching (+4.00 kV / -4.00 kV) in full scan mode with an m/z range of 

70-1050. Separation was achieved using A) 5 mM NH4AcO (pH 9.9) and B) ACN. The 

gradient started with 15% A) going to 90% A) over 18 min, followed by an isocratic step 

for 9 min. and reversal to the initial 15% A) for 7 min. Metabolites were quantified with 

TraceFinder 3.3 using accurate mass measurements (≤ 3 ppm), retention times of pure 
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standards and MS2 fragmentation patterns. Data analysis, including principal 

component analysis and hierarchical clustering was performed using R. 

  

Amino Acid Supplementation 

4-week old Swiss Webster SPF mice were treated with antibiotics, colonized with A. 

muciniphila and Parabacteroides spp., and fed KD for 14 days, as described in methods 

above. Beginning on the evening of day 11, mice were injected intraperitoneally every 

12 hours for 3 days with ketogenic amino acid cocktail (Sigma Aldrich)-- L-leucine (2.0 

mg/kg), L-lysine (2.0 mg/kg), L-tyrosine (2.4 mg/kg), L-tryptophan (1.6 mg/kg), and L-

threonine (3.1 mg/kg) in sterile PBS. Concentrations are based on physiological levels 

reported for each amino acid in mouse blood (Smith, 2000) and on fold-changes 

observed in our metabolomics dataset for each amino acid between control SPF CD 

and AkkPb KD mice (Table S4). Vehicle-treated mice were injected with PBS (200 ul/ 

30 g mouse). On day 14, mice were tested for 6-Hz seizures 2 hours after the final 

morning amino acid injection, with a prior 1-hour acclimation period in the behavioral 

testing room.   

  

GGsTop Treatment 

For wildtype mice: 4-week old SPF Swiss Webster mice were fed CD ad libitum for 14 

days. Beginning on the evening of day 11, mice were orally gavaged every 12 hours 

with 13.3 mg/kg 3-[[(3-amino-3-carboxypropyl)methoxyphosphinyl]oxy]benzeneacetic 

acid (GGsTop, Tocris Bioscience) in sterile water. Vehicle-treated mice were gavaged 

with sterile water (200 ul/ 30 g mouse). On day 14, mice were tested for 6-Hz seizures 2 
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hours after the final morning GGsTop gavage, with a prior 1-hour acclimation period in 

the behavioral testing room. For Kcna1 mice: 3-4 week old Kcna1-/- mice were fed the 

CD ad libitum for 23 days. On Day 15, EEG transmitters were implanted as described in 

the Kcna1 Seizure Recordings section above. On the evening of day 18, mice were 

orally gavaged every 12 hours with 13.3 mg/kg GGsTop through the morning of day 21. 

Seizures were recorded over 3 days by EEG beginning 2 hours after the final gavage. 

  

Cross-Feeding in vitro Assay 

Cross-feeding was measured as previously described (Flynn et al., 2016). A. 

muciniphila was embedded at 2x106 cfu/ml in 5 ml pre-reduced CD or KD-based liquid 

media supplemented with 1% agar at the bottom of an anaerobic tube, and P. merdae 

was overlaid above it at 6x106 cfu/ml in 5 ml pre-reduced M9 minimal media. Diet-based 

media were generated by aseptically suspending mouse KD vs. CD diets, described 

above, to 2 kcal/ml in M9 media. Pilot experiments confirmed no ectopic translocation of 

embedded A. muciniphila from the agar compartment into the above M9 liquid 

compartment. For each time point, aliquots were taken from the top and bottom 

compartments, plated in a dilution series in rich media (RCM for P. merdae and BHI + 

0.05% mucins for A. muciniphila), and colonies were counted. For GGsTop pre-

treatment experiments, P. merdae was incubated with 500 uM GGsTop vs vehicle in 

RCM media at 37°C for 2 hours and then washed with sterile media. Pilot experiments 

revealed no significant effect of GGsTop pre-treatment on P. merdae viability. 

  

GGT Activity Assay 
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GGT activity was measured as previously described (van der Stel et al., 2015). For 

anaerobic cultures, bacteria were seeded at 3 x 105 cfu/ml in CD- and KD-based media. 

1 ml bacterial suspension was pelleted and frozen at -80°C for 1 hr. Separate aliquots of 

the same suspension were plated in BHI mucin agar media or RCM and incubated at 

37°C in a Coy anaerobic chamber for later data normalization by bacterial cfu. Pellets 

were then resuspended in 250 ul lysis buffer (50 mM Tris-HCl with 1 ug/ml lysozyme) 

and incubated on ice for 30 min. For fecal samples, one pellet was weighed and 

homogenized in 1 ml lysis buffer. Bacterial and fecal suspensions were then sonicated 

(QSonica 125) and centrifuged at 12000 xg for 10 min at 4°C. 20 ul supernatant was 

mixed with 180 ul substrate buffer (2.9 mM L-gamma-glutamyl-3-carboxy-4-nitroanilide 

(Gold Bio), 100 mM of glycylglycine (Sigma Aldrich), 100 mM Tris-HCl), and 500 uM 

GGsTop (if noted). Absorbance at 405 nm denoting production of 3-carboxy-4-

nitroaniline was measured every minute for 1 hr at 37º C using an automated multimode 

plate reader (Biotek Synergy H1). 

  

Intestinal Permeability Assay 

Mice were fasted for 4 hr beginning at 7am before gavage with 0.6 g/kg 4 kDa FITC-

dextran (Sigma Aldrich). 4 hours after gavage, serum samples were collected by 

cardiac puncture, diluted 3-fold in water and read in duplicate for fluorescence intensity 

at 521 nm using a Synergy H9 multimode plate reader (Biotek) against a standard 

dilution series of stock FITC-dextran in 3-fold diluted normal mouse serum in water. 

  
  
QUANTIFICATION AND STATISTICAL ANALYSIS 
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Statistical analysis was performed using Prism software (GraphPad). Data were 

assessed for normal distribution and plotted in the figures as mean ± SEM. For each 

figure, n = the number of independent biological replicates. No samples or animals were 

excluded from the analyses.  Differences between two treatment groups were assessed 

using two-tailed, unpaired Student t test with Welch’s correction. Differences among >2 

groups with only one variable were assessed using one-way ANOVA with Bonferroni 

post hoc test. Taxonomic comparisons from 16S rDNA sequencing analysis were 

analyzed by Kruskal-Wallis test with Bonferroni post hoc test. Data for Kcna1 mice were 

analyzed by non-parametric one-way ANOVA with Dunn’s post hoc test. Two-way 

ANOVA with Bonferroni post-hoc test was used for ≥ 2 groups with two variables (e.g. 

seizure time course, BHB time course, metabolomics data, bacterial growth curves). 

One-way ANOVA with repeated measures and Bonferroni post-hoc test was used for 

GGT assays. 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 near-significant 

differences (0.5 < p < 0.1) are indicated in the figures. Notable non-significant (and non-

near significant) differences are indicated in the figures by “n.s.”. 

  

DATA AND SOFTWARE AVAILABILITY 

16S rDNA sequencing data and metadata are available online through the QIITA 

website (https://qiita.ucsd.edu/) with the study accession #11566. 

  

SUPPLEMENTAL INFORMATION 
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Supplemental Information includes seven figures and six tables and can be found with 

this article. 
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SUMMARY 

Cognitive impairment (CI) is a prevalent neurological condition characterized by deficient 

attention, causal reasoning, learning and memory. Many genetic and environmental 

factors increase susceptibility to CI, and the gut microbiome is increasingly implicated. 

However, the identity of gut microbes associated with CI risk, their effects on CI, and their 

mechanisms of action remain unclear. Here, we examine the gut microbiome in response 

to restricted diet and intermittent hypoxia, known environmental risk factors for CI. 

Modeling these environmental risk factors together in mice potentiates CI and alters the 

gut microbiota. Depleting the microbiome by antibiotic treatment or germ-free rearing 

prevents the adverse effects of combined environmental risk on CI, whereas 

transplantation of the risk-associated microbiome into naïve mice confers CI. Parallel 

sequencing and gnotobiotic approaches identify the pathobiont Bilophila wadsworthia as 

enriched by the environmental risk factors for CI and sufficient to induce CI. Consistent 

with CI-related behavioral abnormalities, B. wadsworthia and the risk-associated 

microbiome disrupt hippocampal synaptic transmission and plasticity, neurogenesis, and 

gene expression. The CI induced by B. wadsworthia and by environmental risk factors is 

associated with microbiome-dependent increases in intestinal interferon-gamma (IFNg)-

producing Th1 cells. Inhibiting Th1 cell development abrogates the adverse effects of 

both B. wadsworthia and environmental risk factors on CI. Together, these findings 

identify select gut bacteria that contribute to environmental risk for CI in mice by promoting 

inflammation and hippocampal dysfunction. 
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HIGHLIGHTS 

●   Exposure to the ketogenic diet and intermittent hypoxia synergistically impair 

cognitive behavior in mice. 

●   Cognitive impairment is prevented by clearance of the risk-associated gut 

microbiota and conferred by transplantation of the risk-associated microbiota into 

naïve mice. 

●   Bilophila wadsworthia is enriched in the risk-associated microbiota and sufficiently 

disrupts cognitive behavior and hippocampal physiology. 

●   Elevations in IFNg-producing Th1 cells contribute to microbiota-mediated 

impairments in cognitive behavior. 

  

INTRODUCTION 

Cognitive impairment (CI) characterized by deficient attention, causal reasoning, and 

learning and memory, afflicts more than 50 million people worldwide (Guzik-Makaruk et 

al., 2019). With increasing lifespan, it is predicted that by 2050 an estimated 115.4 million 

people will have dementia, making aging-related CI a pressing global health concern 

(Prince et al., 2013). Genetic, environmental, and behavioral factors together mediate CI, 

and many biological pathways are implicated, including neuroinflammation, mitochondrial 

dysfunction, and blood brain barrier integrity (Han et al., 2020; Sweeney et al., 2018). 

However, exactly how environmental factors, such as diet and physical stress, modify risk 

for CI remains poorly understood. 
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The gut microbiome is emerging as an important mediator of environmental contributions 

to host health and disease. The composition of the gut microbiota is shaped by external 

factors, including diet, stress, and age (Marques et al., 2010; O'Toole and Jeffery, 2015; 

Rea et al., 2016). In animal models, alterations in the gut microbiome mediate effects of 

environmental challenges on various behavioral abnormalities, including impaired 

communication in response to maternal immune activation, anxiety-related behavior in 

response to stress, and reduced sociability in response to high-fat diet (Bravo et al., 2011; 

Buffington et al., 2016; Gareau et al., 2011; Hsiao et al., 2013; Savignac et al., 2015). 

Moreover, depleting the microbiome by germ-free rearing or antibiotic treatment disrupts 

cognitive performance across various tasks for working and spatial memory, when 

compared to controls raised with conventional microbiomes (Chu et al., 2019; D'Amato et 

al., 2020; Frohlich et al., 2016; Gareau et al., 2011; Hoban et al., 2016; Sampson and 

Mazmanian, 2015; Vuong et al., 2017a; Yu et al., 2019). These animal studies provide 

fundamental proof-of-concept that investigating interactions between the gut microbiome 

and environmental risk factors for CI may reveal previously uncharacterized cellular and 

molecular signaling pathways that regulate CI. 

  

Herein, we examine the effects of two environmental risk factors for CI—the ketogenic 

diet and intermittent hypoxia—on the gut microbiota, neurophysiology and cognitive 

behavior. We evaluate causal roles for the gut microbiome in promoting CI, and further 

identify specific microbial taxa that contribute to environmental risk for impaired 

hippocampal function and cognitive deficits. Finally, we interrogate functional effects of 
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risk-associated microbes to reveal that microbial stimulation of type 1 immune responses 

contribute to microbiome-mediated environmental susceptibility to CI.     

  

RESULTS 

The Ketogenic Diet Exacerbates Hypoxia-Induced Cognitive Impairment 

Hypoxia is an environmental risk factor for CI associated with high altitude exposure, 

sleep apnea, vascular dementia, and Alzheimer’s disease, among many other 

pathological conditions (Biswal et al., 2016; de Aquino Lemos et al., 2012; Desbonnet et 

al., 2014; Giuliani et al., 2019; Qaid et al., 2017). To determine the impact of acute 

intermittent hypoxia impact on cognitive behavior, conventional mice (specific pathogen-

free, SPF) consuming a control diet (CD, Table S1) were subjected to 6 hours of restricted 

12% oxygen (normobaric hypoxia, Hyp) or ambient 21% oxygen (normoxia, Mock) daily 

for five days. Following a 4-day recovery period, mice were then evaluated for cognitive 

behavior in the Barnes maze task (Figure 1A). Consistent with prior literature (Aubrecht 

et al., 2015; Mei et al., 2020), mice exposed to Hyp exhibited impaired cognitive behavior 

in the Barnes maze, as indicated by increased latency to enter the escape box, errors 

made, and use of random search strategy as compared to Mock controls (Figures 1B-

1F). These impairments were observed even on the first trial of testing, suggesting 

cognitive impairment that can include disrupted learning and memory, in addition to 

deficits in other underlying cognitive processes (Li et al., 2013; Shen et al., 2020). There 

were no significant differences in velocity or total distance travelled in the Barnes maze 

(Figures S1A and S1B), suggesting no confounding abnormalities in motor function. 

There were also no differences in performance in the open field test and prepulse 
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inhibition task, suggesting no alterations in anxiety-related exploration or sensorimotor 

gating (Figure S2). These results indicate that acute intermittent hypoxia impairs 

cognitive behavior in mice, which is consistent with previous reports (Aubrecht et al., 

2015; Mei et al., 2020).  

  

High dietary fat intake modifies cognitive behavior in humans and animal models, where 

both the high-fat, high-sugar Western diet and high-fat, low-carbohydrate ketogenic diet 

(KD, Table S1) alter working memory, particularly in response to physical or psychosocial 

stress (Arcego et al., 2018; Kesby et al., 2015). To determine effects of the KD on 

cognitive behavior, SPF mice were pre-treated with the KD and subjected to Mock or Hyp 

as described above (Figure 1G). Mice fed the KD exhibited no significant differences in 

cognitive behavior in the Barnes maze, as compared to mice fed the vitamin and mineral-

matched CD (Figure 1, SPF CD Mock vs. SPF KD Mock), indicating that the KD alone 

has no overt effect on cognitive behavior in the Barnes maze. Notably, however, mice fed 

the KD and exposed to Hyp (SPF KD Hyp) exhibited a substantial increase in latency to 

enter the escape box, errors made, and random search strategy as compared to Mock 

controls fed the KD (SPF KD Mock) (Figures 1H-1L). The Hyp-induced behavioral 

impairment was significantly more severe in KD-fed mice than in CD-fed mice (Figures 1 

and S3). There was no significant difference across experimental groups in velocity or 

total distance traveled in the Barnes maze (Figures S1C and S1D), or in performance in 

the open field and prepulse inhibition tasks (Figure S2). These results indicate that the 

KD potentiates the adverse effects of Hyp on cognitive behavior in mice, and further 
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highlight synergistic interactions between diet and hypoxic stress as environmental risk 

factors for cognitive impairment.  

Ketogenic Diet- and Hypoxia-Associated Alterations in the Gut Microbiota Impair 

Cognitive Behavior 

Environmental factors, including diet and stress, play important roles in shaping the 

composition and function of the gut microbiota (David et al., 2014; Lobionda et al., 2019; 

Sbihi et al., 2019; Tripathi et al., 2018; van de Wouw et al., 2018). To gain insight into 

whether the gut microbiota contributes to KD- and Hyp-induced disruptions in cognitive 

behavior, SPF mice were pre-treated with broad-spectrum antibiotics (Abx) to deplete the 

gut microbiota prior to KD and Hyp exposure (Figure 2A) (Reikvam et al., 2011). 

Compared to vehicle-treated controls, KD- and Hyp-exposed mice that were pre-treated 

with Abx exhibited improved cognitive performance, as indicated by decreased latency to 

enter the escape box, errors made, and use of random search strategy (Figures 2B-2F, 

SPF KD Hyp vs. Abx KD Hyp). Results for each of these behavioral parameters were 

comparable to those seen in Mock controls fed the KD (Figures 2B-2F, S1E and S1F; 

Abx KD Hyp vs. SPF KD Mock), suggesting that depletion of the microbiota abrogated 

KD and Hyp-induced impairments in cognitive behavior. Consistent with this, germ-free 

(GF) mice fed the KD were resistant to Hyp-induced cognitive impairments in the Barnes 

maze (Figure S4). Compared to KD-fed SPF mice, however, GF mice fed the KD 

exhibited worse cognitive behavior at baseline, suggesting detrimental effects of KD 

particularly in mice raised GF (Gareau et al., 2011). These data suggest that depletion of 

the gut microbiota prevents the synergistic effects of KD and Hyp on cognitive impairment 

in mice.  
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To further test whether microbiota alterations in response to KD and Hyp contribute to 

disruptions in cognitive behavior, GF mice fed standard chow were transplanted with fecal 

microbiota from donor SPF mice fed KD and exposed to either Hyp or Mock (GF + Hyp 

and GF + Mock, respectively) (Figure 2G). Compared to controls colonized with the KD 

and Mock-associated microbiota, mice colonized with KD and Hyp-associated microbiota 

exhibited poor cognitive performance (Figures 2H-2L, S1G and S1H), akin to that seen 

in mice fed KD and exposed to Hyp (Figures 1H-1L). Relative to SPF mice, transplanted 

control mice exhibited impaired performance on the first trial that improved with 

subsequent trials of the task, which may reflect initial confounding effects of GF status on 

behavior. Taken together, these results indicate that i) the KD potentiates Hyp-induced 

impairments in cognitive behavior (Figures 1 and S3), ii) depletion of the microbiota 

prevents the adverse synergistic effects of KD and Hyp on cognitive behavior (Figures 

2A-2F), and iii) transplantation of the KD- and Hyp-associated microbiota into naïve GF 

mice impairs cognitive behavior (Figures 2G-2L). These results strongly suggest that 

changes in the gut microbiota contribute to KD- and Hyp-induced impairments in cognitive 

behavior in mice.  

  

Bilophila is Enriched by the Ketogenic Diet and Hypoxia and Impairs Cognitive 

Behavior 

To identify candidate microbial taxa that may be responsible for promoting KD- and Hyp-

induced abnormalities in cognitive behavior, fecal microbiota were sequenced from SPF 

mice fed KD and exposed to Hyp or Mock (Figures 1G-1L), as well as from the mice 
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transplanted with the corresponding microbiota from those SPF mice (Figures 2G-2L). 

While there were no global alterations in the microbiota of mice fed KD and exposed to 

Hyp (Figures 3A and S5), select bacterial taxa were significantly altered in the Hyp group, 

compared to Mock controls (Figures 3B and 3C, Table S2). In particular, the relative 

abundances of Clostridium cocleatum were reduced in Hyp-exposed animals fed KD, 

while Bilophila species were elevated in Hyp-exposed animals fed KD (Figures 3B and 

3C). The absolute abundance of Bilophila species was enriched particularly in mice 

exposed to both KD and Hyp, but not in mice exposed to either KD or Hyp alone (Figure 

S6A). This aligns with the observed synergistic effects of KD and Hyp on cognitive 

impairment (Figures 1 and S3), and with previous reports that dietary fat favors the 

growth of Bilophila, an obligate anaerobic pathobiont (Devkota et al., 2012). Similar 

reductions in C. cocleatum and increases in Bilophila were seen in mice transplanted with 

KD and Hyp-associated microbiota (Figures 3D-3F, Table S2. Overall, these results 

reveal that KD and Hyp together enrich Bilophila and impair cognitive behavior in mice.  

  

To test whether Bilophila may contribute to the CI induced by KD and Hyp exposure, GF 

mice fed standard chow were monocolonized with Bilophila wadsworthia and tested for 

cognitive behavior, relative to mice colonized with C. cocleatum (Figure 3G). B. 

wadsworthia was selected because it exhibited the highest sequence identity to the 

Bilophila operational taxonomic units elevated in mice fed KD and exposed to Hyp 

(Figures 3B and 3C). Mice colonized with B. wadsworthia exhibited impaired cognitive 

behavior compared to GF and C. cocleatum-colonized controls, with no overt deficits in 

motor ability (Figures 3I-3L, S1I and S1J). The effect of B. wadsworthia on cognitive 
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impairment during the probe trial of the Barnes maze assay was comparable to that seen 

with exposure to KD and Hyp and with transplantation of the KD- and Hyp-associated 

microbiota (Figure 3M). These data reveal that monocolonization with B. wadsworthia 

phenocopies the adverse effects of the KD- and Hyp-associated microbiota on cognitive 

behavior in mice.  

  

The Gut Microbiota, and Bilophila in Particular, Modulates Hippocampal Activity  

The hippocampus is sensitive to alterations in diet and hypoxic stress and is a critical site 

for learning and memory (Goldbart et al., 2006; Gozal et al., 2002; Kanoski and Davidson, 

2011; Kanoski et al.; Kanoski et al., 2010; Titus et al., 2007). To study effects of the KD 

and Hyp, and potential roles for the microbiota, on hippocampal physiology, field potential 

recordings were acquired from acute hippocampal slices from SPF mice fed KD and 

exposed to Hyp or Mock, as well as from GF mice colonized with B. wadsworthia or C. 

cocleatum. Compared to Mock-exposed controls, KD-fed mice that were exposed to Hyp 

exhibited significant reductions in hippocampal long-term potentiation (LTP, Figures 4A 

and 4B), population spike relative to field excitatory postsynaptic potential (fEPSP) slope, 

as a measure of excitatory postsynaptic potential- spike coupling (Figure 4C) and paired-

pulse facilitation (Figure 4D). Pre-treatment with Abx diminished these abnormalities in 

hippocampal synaptic physiology (Figure S7), suggesting that the gut microbiome 

contributes to the adverse effects of KD and Hyp on hippocampal physiology. Consistent 

with this, mice monocolonized with B. wadsworthia exhibited reduced hippocampal LTP 

(Figures 4E and 4F), reduced fiber volley amplitude vs. fEPSP slope (Figure 4G) and 

reduced paired-pulse facilitation (Figure 4H) when compared to C. cocleatum-colonized 
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controls. The disruptions in hippocampal activity induced by B. wadsworthia were 

comparable to those seen in mice exposed to KD and Hyp, suggesting that colonization 

with B. wadsworthia phenocopies the adverse effects of KD and Hyp on hippocampal 

synaptic transmission and plasticity. The microbiota-dependent alterations in 

hippocampal activity were further associated with microbiota-dependent changes in 

hippocampal gene expression (Figure S8, Table S3). In particular, colonization with B. 

wadsworthia resulted in widespread transcriptomic alterations in the hippocampus 

relative to C. cocleatum-colonized controls (Figure 4I). Particular genes that were 

differentially expressed in response to B. wadsworthia colonization included subsets 

related to neuronal excitation (CBLN1, CC2D1A, GRIK4, SYT2, SYT9), mitochondrial 

processes (DNAJA3, SLC25A16, ALDH4A1, NDUFAF1), neuronal interactions (KCNN3, 

SEMA3C, TTR, MOV10, PLK5), ubiquitination (BAP1, COPS6, FBXO4, FBXO42, 

NDUFAF5, USP53), and immune response (LCK, HMGB1, NFKBID, TRAFD1, SPG21) 

(Figure 4J). Moreover, immunofluorescence staining for doublecortin (DCX), a marker 

for the central phase of hippocampal neurogenesis (von Bohlen und Halbach, 2011)) 

revealed reduced density of DCX-positive cells in the dentate gyrus of mice colonized 

with B. wadsworthia compared with C. cocleatum-colonized controls (Figure 4K), adding 

to  prior results demonstrating the microbiota regulates  hippocampal neurogenesis 

(Ogbonnaya et al., 2015). Overall, these results indicate that colonization with B. 

wadsworthia alters hippocampal physiology, and further suggest that microbiota-

dependent impairments in cognitive behavior may be due, at least in part, to microbiota-

dependent disruptions in hippocampal function. 
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Th1 Cell Expansion Contributes to Bilophila-Induced Impairments in Cognitive 

Behavior 

B. wadsworthia colonization promotes the expansion of IFNg-producing T helper type I 

(Th1) cells, and IFNg is associated with impairments in cognitive behavior and 

hippocampal physiology during homeostasis and in response to chronic stress (Devkota 

et al., 2012; Kim et al., 2011; Litteljohn et al., 2014). We hypothesized that Th1 induction 

may contribute to the detrimental effects of B. wadsworthia and of environmental risk 

factors, KD and Hyp, on cognitive behavior. To first confirm that B. wadsworthia increases 

Th1 cells, GF mice were monocolonized with either C. cocleatum or B. wadsworthia, and 

Th1 levels were measured in the intestine. Indeed, B. wadsworthia-colonized mice 

exhibited increased levels of CD3+CD4+IFNg+IL17a- Th1 cells in the colonic lamina 

propria relative to GF and C. cocleatum-colonized controls (Figures S9A and S9B). 

Similar increases in levels of Th1 cells were seen by colonization of Abx-treated mice with 

B. wadsworthia, indicating that the Th1-promoting effects of B. wadsworthia are observed 

in response to bacterial enrichment, as well as bacterial monocolonization (Figures S9C 

and S9D). To determine if Th1 cells are required for the adverse effects of B. wadsworthia 

on cognitive behavior, mice were reared in the absence of Th1 cells (T-bet knockout, T-

bet-/-) or as genetically wildtype (WT) and colonized with B. wadsworthia (Figures 5A, 

S9C and S9D). Consistent with prior monocolonization experiments conducted with GF 

Swiss Webster mice (Figure 3), Abx-treated WT C57Bl/6J mice colonized with B. 

wadsworthia exhibited impaired cognitive behavior in the Barnes maze, as denoted by 

elevated errors made and increased random search strategy relative to non-colonized 

Abx-treated WT controls (Figures 5B-5F). In contrast to results from prior 
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monocolonization experiments (Figure 3I), there were no statistically significant 

differences in latency to enter the escape box (Figure 5C), which may point to effects of 

B. wadsworthia on this particular behavioral parameter that are dependent on bacterial 

load, prior colonization status, and/or genetic background of the host. Notably, preventing 

Th1 induction via T-bet deficiency abrogated the adverse effects of B. wadsworthia on 

cognitive behavior, as denoted by reductions in errors made and use of random search 

strategy to levels comparable to those seen in colonized WT controls (Figures 5D-F). 

These results support previous findings that B. wadsworthia promotes IFNg-producing 

Th1 cells in the intestine, and further reveal that Th1 cells are necessary for the ability of 

B. wadsworthia to impair cognitive behavior in mice. 

  

To further determine if Th1 cells contribute to the adverse effects of KD and Hyp on 

cognitive behavior, mice were reared as T-bet-/- or genetically WT, then exposed to both 

KD and Hyp (Figure 5G). Consistent with prior experiments using Swiss Webster mice 

(Figure 1), C57Bl/6J WT SPF mice exposed to both KD and Hyp exhibited impaired 

performance in the Barnes maze relative to Mock-exposed controls (Figures 5H-5L). 

Notably, CI induced by KD and Hyp was associated with significant increases in serum 

IFNg levels (Figure S9G), and modest, but not statistically significant, increases in levels 

of IFNg-producing Th1 cells in the colonic lamina propria (Figures S9E-F). Inhibiting Th1 

induction through T-bet deficiency abrogated the adverse effects of KD and Hyp on 

cognitive behavior, as denoted by decreases in latency to enter the escape box, errors 

made and use of random search strategy, relative to exposed WT controls (Figures 5H-

5L). Altogether, these results implicate that B. wadsworthia impairs cognitive behavior by 
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increasing Th1 cells, and further suggest that microbiota-dependent increases in Th1 

cells contribute to the adverse effects of KD and Hyp on cognitive behavior.  

  

DISCUSSION  

Proof-of-concept studies have reported that complete absence or severe depletion of the 

microbiota results in widespread alterations in complex animal behaviors, including 

learning and memory (Chu et al., 2019; Desbonnet et al., 2014; Frohlich et al., 2016; 

Gareau et al., 2011; Liu et al., 2020; Mohle et al., 2016; Vuong et al., 2017b; Yu et al., 

2019). However, whether the microbiota is altered by physiologically relevant risk factors 

for cognitive dysfunction and whether there are select microbial species that are causally 

linked to cognitive impairment has been poorly understood. Results from this study reveal 

that the gut microbiota is shaped by synergistic interactions between environmental risk 

factors for cognitive impairment. They further demonstrate that select diet- and hypoxic 

stress-responsive bacteria from the gut microbiota disrupt hippocampal function and 

cognitive behavior, likely via the induction of pro-inflammatory immune cells.  

  

In particular, we find that the high-fat, low carbohydrate KD exacerbates the detrimental 

effects of acute intermittent Hyp on cognitive behavior. This aligns with the so-called “two-

hit” or “multiple-hit” hypotheses for neurological and neurodegenerative diseases 

(Heinemann et al., 2016), wherein multiple genetic and/or environmental risk factors 

interact to accelerate or predispose to symptoms of disease, including age-related 

cognitive decline (Zhu et al., 2007). Indeed, both high-fat diet and hypoxia are associated 

with cognitive impairment across studies of humans and animal models (Arias-Cavieres 
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et al., 2020; Beilharz et al., 2015; Jha et al., 2018). However, the ketogenic diet and select 

ketone bodies, such as beta-hydroxybutyrate, have been recently explored as potential 

treatments for behavioral symptoms of Alzheimer’s disease (Rusek et al., 2019). Results 

from this study suggest that when combined with other environmental stressors, the KD 

can be detrimental to hippocampal function and cognitive behavior. This is consistent with 

one recent report that KD administration in a rat model of Alzheimer’s disease worsened 

cognitive performance in the Morris water maze (Park et al., 2020). Further research is 

warranted to uncover the molecular bases for interactions between varied genetic and 

environmental risk factors for CI.  

  

Data from this study indicate that alterations in the gut microbiota contribute to the 

adverse effects of the KD and Hyp on cognitive behavior in the Barnes maze task. One 

important consideration is the biological bases of the abnormalities observed in the 

behavioral task. Adverse effects of the KD and Hyp are seen even during the first trial of 

the Barnes maze assay that persist through the sixth and last trial. While we observe no 

overt differences in anxiety-related exploration in the open field, acoustic startle response, 

and sensorimotor gating in the prepulse inhibition task, the early abnormalities in the 

Barnes maze suggest that the KD and Hyp together induce cognitive issues that extend 

beyond disruptions in learning and working memory. Indeed, depletion of the risk-

associated microbiota diminishes the cognitive behavioral abnormalities, even in the first 

trial of testing, and also improves hippocampal LTP, suggesting that the microbiome may 

modify hippocampal-dependent learning and memory as well other aspects of cognitive 

performance.  Overall, while the data reveal an influence of the gut microbiota in 
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modulating cognitive behavior, the complexity of the behavioral phenotypes leave open 

the likely possibility that there are multiple microbiota-independent effects of diet and 

hypoxic stress that also contribute to the observed cognitive phenotypes.    

  

In addition to identifying a synergistic effect of KD and Hyp on impairing cognitive 

behavior, we also reveal an interaction between KD and Hyp in enriching Bilophila 

species in the gut microbiota. While the exact mechanisms remain unknown, one study 

reported particular alterations in the gut microbiota that were seen when rats were 

exposed to both the high-fat, high-sugar diet and hypoxia in a model of obstructive sleep 

apnea (OSA) (Durgan et al., 2016). A separate paper studying intermittent hypoxia as a 

model of OSA found that fecal microbiome transplantation of hypoxia-associated samples 

sufficiently promoted murine sleep disturbances and that the microbial family 

Desulfovibrionaceae (OTU147), of which Bilophila is a member, was increased in 

hypoxia-associated samples and in children with OSA (Badran et al., 2020; Valentini et 

al., 2020). In a similar paradigm where atherosclerosis-prone Ldlr-/- mice were fed a high-

fat diet, additional exposure to hypoxia and hypercapnia increased levels of select bile 

acids, particularly taurodeoxycholic acid (Tripathi et al., 2018). This may be relevant, as 

a separate study reported that a high-saturated fat diet promoted taurine conjugation of 

bile acids, and that taurocholic acid in particular promoted levels of B. wadsworthia 

(Devkota et al., 2012). Based on these studies and the finding that B. wadsworthia is an 

obligate anaerobe (Devkota et al., 2012; Summanen et al., 1995), we speculate that the 

KD and Hyp together enrich Bilophila through combined modulation of bile acid profiles 

and increased anaerobicity of the intestinal microenvironment. Future co-culture and 
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metabolic modeling experiments are needed to dissect how various environmental factors 

differentially influence microbial community structures.  

  

Consistent with the finding that KD and Hyp together impair cognitive behavior and enrich 

Bilophila in the gut microbiota, we observe that colonization with B. wadsworthia leads to 

disrupted hippocampal physiology and cognitive deficits. These findings align with studies 

linking B. wadsworthia to increases in IFNg (Devkota et al., 2012), and separately, 

increases in IFNg to cognitive impairment (Monteiro et al., 2016). Notably, while results 

from our study highlight a likely role for Bilophila in contributing to environmental risk for 

CI (as induced by KD and Hyp in mice), they do not the preclude the possibility that other 

members of the microbiota may also modify cognitive behavior. In particular, 16S rRNA 

gene sequences from Bilophila are reported to comprise approximately 0.004-0.3% of 

16S rRNA loads from the fecal microbiota of SPF mice (Caesar et al.; Caesar et al., 2015). 

In our experiments, KD and Hyp together increase the absolute abundance of Bilophila 

16S rRNA gene copies in feces by ~1000X. As such, the physiological loads of B. 

wadsworthia in the presence of a complex SPF microbiota, even after increases seen in 

response to KD and Hyp, are much lower than those achieved by subsequent 

experiments involving bacterial monocolonization of GF mice or enrichment in Abx-

treated mice. Results from our study indicate that gnotobiotic colonization with B. 

wadsworthia largely phenocopies the cognitive behavioral impairment, hippocampal 

dysfunction and Th1 induction seen in response to KD and Hyp (and their associated 

physiological increases in Bilophila). While we did not observe other bacterial taxa, aside 

from Bilophila, that were significantly elevated in response to KD and Hyp, future studies 
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of various risk factors for CI may reveal additional microbial taxa and signaling pathways 

that modify hippocampal function and cognitive behavior.    

  

Consistent with previous literature indicating that B. wadsworthia promotes Th1 cell 

expansion (Devkota et al., 2012), we observe that T-bet deficiency prevents B. 

wadsworthia-induced increases in intestinal Th1 cells, as well as the cognitive behavioral 

impairments seen in B. wadsworthia-colonized mice. Precisely how intestinal Th1 cells 

promote cognitive behavioral abnormalities remains poorly understood. However, 

increases in Th1 cells and Th1 responses are commonly associated with aging-

associated cognitive decline and cognitive impairments in Alzheimer’s disease (Browne 

et al., 2013; Dulken et al., 2019). In particular, IFNg production by Th1 cells promotes 

microglial activation (Mount et al., 2007; Takeuchi et al., 2006; Zhou et al., 2015) and 

hippocampal-dependent cognitive dysfunction (Litteljohn et al., 2014; Monteiro et al., 

2016; Zhang et al., 2020). Additionally, peripheral and hippocampal IFNg corresponds 

with impaired Barnes maze performance due to chronic mild stress (Palumbo et al., 

2018). In aged murine brains, T cell infiltration occurs in neurogenic niches and IFNg 

corresponds with reduced neural stem cell function and proliferation (Dulken et al., 2019). 

Indeed, IFNg directly suppresses hippocampal neural stem/precursor cell proliferation 

and provokes neuronal apoptosis (Zhang et al., 2020).  B. wadsworthia has also been 

identified in several human microbiome association studies as associating with 

neurodegenerative disorders (Baldini et al., 2020; Baldini et al.; Lin et al., 2019; Vogt et 

al., 2017). Further studies are needed to determine how microbiota-dependent 

neuroimmune interactions may influence cognitive health.   
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As the prevalence of cognitive dysfunction continues to increase (Hale et al., 2020), 

identifying early and modifiable risk factors is critical to enabling early detection and 

intervention for CI. Results from this study reveal that the gut microbiota is altered by 

modeling environmental risk factors for CI in mice and that changes in the gut microbiota, 

and Bilophila in particular, contribute to disruptions in hippocampal physiology and 

cognitive behavior. We propose that understanding the biological bases for how complex 

genetic, environmental and psychosocial factors together predispose to CI requires 

consideration of the gut microbiome, as an important interface between host genetics and 

environmental exposures and an integral regulator of nutrition, immunity, metabolism and 

behavior.  
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anti-DCX (Guinea Pig 

Polyclonal) 

Millipore AB2253 

IL-17A Monoclonal 

Antibody (eBio17B7), 

FITC 

ThermoFisher 11-7177-

81 

IFN gamma Monoclonal 

Antibody, (XMG1.2), 

PE 

ThermoFisher 12-7311-

81 

CD3 Monoclonal 

Antibody, (17A2), APC 

BioLegend 100236 

CD4 Monoclonal 

Antibody, (GK1.5), PE-

eFluor 610  

ThermoFisher 61-0041-

80 

CD45 Monoclonal 

Antibody, (30-F11), 

BV605 

BioLegend 103140 

Bacterial and Virus Strains 

Clostridium cocleatum Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (DSMZ) 

DSMZ 

1551 
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Bilophila wadsworthia Murine-associated strain gifted from Drs. 

Connie Ha and Suzanne Devkota 

strain 

WAL7959 

Chemicals, Peptides, and Recombinant Proteins 

Vancomycin 

hydrochloride 

Chem-Impex International 00315 

Neomycin trisulfate salt 

hydrate 

Sigma-Aldrich N1876 

Metronidazole Sigma-Aldrich M1547 

Ampicillin sodium salt Sigma-Aldrich A9518 

NaCl Sigma-Aldrich S7653 

  

KCl Sigma-Aldrich P3911 

NaHCO3 Sigma-Aldrich S5761 

NaH2PO4 Sigma-Aldrich S0751 

CaCl2 Sigma-Aldrich C1016 

MgSO4 Sigma-Aldrich M7506 
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Glucose Sigma-Aldrich 47829 

Brucella media Hardy Diagnostics C5311 

Ferric ammonium 

citrate 

Fisher Scientific 172-500 

DAKO antigen retrieval 

solution 

Agilent S1699 

RPMI 1640 Sigma-Aldrich 11875093 

EDTA ThermoFisher 15575020 

HEPES ThermoFisher 15630080 

HBSS ThermoFisher 14170112 

Collagenase D Sigma Aldrich 11088866

001 

DNAse I, Grade II Sigma Aldrich 10104159

001 

Dispase Gibco 17105041 

Ionomycin calcium salt Sigma Aldrich I3909 
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PMA Sigma Aldrich P1585 

Brefeldin A Sigma Aldrich B7651 

MEM NEAA ThermoFisher 10370021 

Penicillin-streptomycin 

(Pen/strep) 

ThermoFisher 15070063 

Ultrapure water ThermoFisher 10977015 

DNA intercalating dye 

(EvaGreen) 

Biotium 31000 

  

Sodium pyruvate Gibco 
11360070 

Critical Commercial Assays 

DNeasy PowerSoil Kit Qiagen 12888-50 

  

Qiaquick PCR 

purification kit 

Qiagen 28104 
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RNEasy Mini Kit Qiagen 74104 

QuantSeq FWD’ 

mRNA-Seq Library 

Prep Kit 

Lexogen N/A 

LIVE/DEAD™ Fixable 

Aqua Dead Cell Stain 

Kit 

ThermoFisher L34957 

Intracellular Fixation & 

Permeabilization Buffer 

Set 

ThermoFisher 88-8824-

00 

QX200 ddPCR 

EvaGreen Supermix 

Bio-Rad Laboratories 186-4033 

  

V-PLEX 

Proinflammatory Panel 

1 Mouse Kit 

Meso Scale Diagnostics K15048D 

Deposited Data     

16S rRNA gene 

sequencing 

https://qiita.ucsd.edu 13510 
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Hippocampal 

transcriptomic data 

Gene Expression Omnibus GSE1630

99 

Experimental Models: Organisms/Strains 

Swiss Webster mice Taconic Farms Tac:SW 

C57BL6/J mice Jackson Laboratories 000664  

T-bet TBX21 knockout 

mice (B6.129S6-

Tbx21tm1Glm/J) 

Jackson Laboratories 004648  

Oligonucleotides     

Forward primer for 

digital PCR: UN00F2, 

5′- 

CAGCMGCCGCGGTA

A-3 

Integrated DNA Technologies N/A 

Reverse primer for 

digital PCR: UN00R0, 

5′-

GGACTACHVGGGTW

TCTAAT-3′ [1, 3]) 

Integrated DNA Technologies N/A 
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Software and Algorithms 

EthoVision XT Noldus   

Deblur https://github.com/biocore/deblur Amir et 

al., 2017 

QIIME2-2018.6 https://qiime2.org/ Bolyen et 

al. 

FastQC v. 0.11.9  https://github.com/s-

andrews/FastQC/releases/tag/v0.11.9 

Andrews, 

2010 

Trimmomatic https://github.com/timflutre/trimmomatic Bolger et 

al. 

HISAT2 http://daehwankimlab.github.io/hisat2/ Kim et al. 

HTSeq-count https://github.com/htseq/htseq Anders et 

al. 

DESeq2 https://bioconductor.org/packages/release/bioc/

html/DESeq2.html 

Love et 

al. 

R package https://www.r-project.org/ Team, 

2013 
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DAVID https://david.ncifcrf.gov/gene2gene.jsp (Huang 

da et al., 

2009a, b 

STRING https://string-db.org/ Szklarczy

k et al., 

2019 

QuantaSoft Software Bio-Rad Laboratories 1864011 

Prism software version 

8.2.1 

GraphPad   

Other 

“Breeder” chow         Lab Diets 5K52 

Standard chow Lab Diets 5010 

Ketogenic diet Harlan Teklad TD.11503

00 

Control diet Harlan Teklad TD.15030

0 

O2 Control InVivo 

cabinet 

Coy Laboratories Model 30 
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GigE camera Basler acA1280-

60gc 

  

4200 Tapestation 

System 

Agilent G2991AA 

QX200 Droplet 

Generator 

Bio-Rad Laboratories 1864002 

  

Table 6 KEY RESOURCES TABLE   

 

 

RESOURCE AVAILABILITY 

Lead Contact 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact, Elaine Hsiao (ehsiao@g.ucla.edu) 

  

Materials Availability 

This study did not generate new unique reagents. 

  

Data and Code Availability 

16S rRNA gene sequencing data and metadata are available through QIITA repository 

(https://qiita.ucsd.edu/) with the study accession # 13510. Hippocampal transcriptomic 
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data are available on through Gene Expression Omnibus repository with the 

identification number # 

GSE163099. 

  

EXPERIMENTAL MODELS AND SUBJECT DETAILS 

Mice 

4–6-week-old SPF wild-type Swiss Webster mice (Taconic Farms), GF wild-type Swiss 

Webster mice (Taconic Farms), SPF wild-type C57BL6/J mice (Jackson Laboratories), 

GF wild-type C57BL6/J (Jackson Laboratories), and SPF T-bet TBX21 knockout mice 

(B6.129S6-Tbx21tm1Glm/J, Jackson Laboratories) were bred in UCLA’s Center for 

Health Sciences Barrier Facility. Mice were randomly assigned to an experimental group. 

Experiments include age- and sex-matched cohorts of males and females. All animal 

experiments were approved by the UCLA Animal Care and Use Committee. 

  

Bacteria 

Bilophila wadsworthia (strain WAL7959), generously provided by Drs. Connie Ha and 

Suzanne Devkota (Cedars-Sinai Medical Center, Los Angeles, CA), was cultured under 

anoxic conditions (2-3% H2, 20% CO2, and the balance N2) at 37°C in Modified 

Brucella media supplemented with 1% taurine, iron, hemin, and vitamin K (Hardy 

Diagnostics). Clostridium cocleatum (DSMZ 1551) was grown under anoxic conditions 

(2-3% H2, 20% CO2, and the balance N2) at 37°C in Sweet E. Broth for Anaerobes 

(ATCC medium 1004). Cultures were authenticated by full-length 16S rRNA gene 

sequencing (Laragen, Inc.). 
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METHOD DETAILS 

Dietary Treatment 

Breeding GF mice were fed “breeder” chow (Lab Diets 5K52). Experimental animals were 

either fed standard chow (Lab Diets 5010), 6:1 ketogenic diet (Harlan Teklad 

TD.1150300), or vitamin- and mineral- matched control diet (Harlan Teklad TD.150300). 

  

Acute Intermittent Hypoxia 

Mice housed in the home cage were placed in an O2 Control InVivo cabinet (Coy 

Laboratories) and exposed to 12% oxygen for 6 hours per day for 5 consecutive days. 

Mock-treated mice were placed in the same chamber and exposed to ambient 21% 

oxygen for 6 hours per day for 5 consecutive days.  

  

Barnes Maze Testing 

Mice were tested for cognitive behavior in the Barnes maze (92 cm diameter, 5 cm hole 

diameter, 95 cm height; Noldus) using procedures adapted from a previously published 

protocol (Attar et al., 2013). Briefly, mice were acclimated for at least 1 hour before testing 

to the behavioral room, which featured consistent visual cues that varied in shape, color 

and placement. The maze was cleaned before and after each testing trial with 70% 

ethanol, followed by Accel disinfectant. All sessions were recorded using a Basler Gig3 

camera and EthoVision XT (Noldus). For the habituation phase (day 1), mice were placed 

in a clear glass beaker in the center of the maze for 30 seconds, then slowly guided to 

the target hole and gently pushed into the escape box if they did not enter on their own 
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accord. Mice were kept in the escape box for 1 minute and then allowed to explore the 

maze freely for 5 minutes before being returned to their home cages. During the training 

phase (Day 2-3), mice were tested for 3 trials on the first day, and 2 trials for the second 

day. For each trial, mice were first placed under an opaque cup in the center of the maze 

for 15 seconds. Then, the cylinder was removed, and mice were allowed to explore the 

maze for 5 minutes. Latency to enter was defined as the time elapsed for mice to identify 

the target hole correctly for the first time. Errors made were defined as nose pokes over 

incorrect holes. Distance traveled, velocity, and time in each quadrant were other 

recorded for every trial. Search strategy was also analyzed, where a “random” strategy 

was coded as greater than 3 errors in non-consecutive holes, a “serial” strategy was 

coded as errors occurring in consecutive holes, and a “random” strategy was coded as 

greater than 3 non-consecutive hole errors. The probe trial (Day 4) was performed 24 

hours after the final training trial. The escape box was removed, and mice were allowed 

to explore the maze for 5 minutes while latency to enter, distance traveled, errors made, 

velocity, search strategy and time in target were recorded.  

  

Open Field Testing 

The open field test is widely used to measure anxiety-like and locomotor behavior in 

rodents. Mice were placed in the center of a 50 cm x 50 cm arena for 10 min, during which 

an overhead Basler Gig3 camera and EthoVision XT (Noldus) software was used to 

measure distance traveled, and the number of entries and duration of time spent in the 

central 17 cm square area. The boxes were cleaned with 70% ethanol and Accel 

disinfectant before and after each session. 



 
293 

 
 
 
 

  

Prepulse Inhibition Testing 

Prepulse inhibition is used to measure sensorimotor gating and acoustic startle and was 

performed according to protocols adapted from (Hsiao et al., 2013; Swerdlow and Geyer, 

1998) in the UCLA Behavioral Testing Core (Franz Hall). Mice were acclimated to an SR-

LAB testing chamber (SD Instruments) for 5 min, presented with six 120-dB pulses of 

white noise (startle stimulus), and then subjected to 14 randomized blocks of either no 

startle, 5-dB prepulse + startle, or 15-dB prepulse + startle. The startle response was 

recorded by a piezo-electric sensor and prepulse inhibition was defined as (startle 

stimulus only -5 or 15 dB prepulse + startle)/ startle stimulus only x 100. 

  

Antibiotic Treatment 

SPF mice were gavaged every 12 hours daily for 7 consecutive days with a solution of 

vancomycin (50mg/kg), neomycin (100 mg/kg) and metronidazole (100 mg/kg), as 

previously described (Reikvam et al., 2011). Ampicillin (1 mg/ml) was provided ad libitum 

in sterile drinking water. For mock treatment, mice were gavaged with normal drinking 

water every 12 hours daily for 7 days. Antibiotic-treated mice were maintained in sterile 

caging with sterile food and water and handled aseptically for the remainder of the 

experiments. 

  

Fecal Microbiota Transplant 

Fresh fecal samples were obtained from adult SPF Swiss Webster homogenized in 1 mL 

pre-reduced phosphate-buffered saline (PBS, pH = 7.4) per pellet. 100 µL of the 
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suspension was immediately administered via oral gavage to recipient GF mice. For mock 

treatment, mice were gavaged with pre-reduced PBS.  

  

16S rRNA Gene Sequencing 

Total bacterial genomic DNA was extracted from mouse fecal samples using the Qiagen 

DNeasy PowerSoil Kit, where sample n reflects separate cages containing 2 mice per 

cage to reduce cage-dependent effects of variation and focus on biological variation. The 

library was prepared following previously published and validated methods (Caporaso et 

al., 2011). The V4 regions of the 16S rDNA gene were PCR amplified using individually 

barcoded universal primers and 30 ng of the extracted genomic DNA. The PCR reaction 

was set up in triplicate, and the PCR products were purified using the Qiaquick PCR 

purification kit (Qiagen). The purified PCR product was pooled in equal molar 

concentrations quantified by nanodrop and sequenced by Laragen, Inc. using the Illumina 

MiSeq platform and 2 x 250bp reagent kit for paired-end sequencing. Amplicon sequence 

variants (ASVs) were chosen after denoising with Deblur (Amir et al., 2017). Taxonomy 

assignment and rarefaction were performed using QIIME2-2018.6 (Bolyen et al., 2019). 

  

Gnotobiotic Colonization and Antibiotic Enrichment 

109 cfu bacteria were suspended in 200 µL pre-reduced PBS and orally gavaged into GF 

mice or Abx-treated mice. For mock treatment, mice were gavaged with pre-reduced 

PBS. Mice were maintained in microisolator cages and handled aseptically. Mice were 

behaviorally tested 7 days post-colonization. Colonization was confirmed via fecal plating 

on modified Brucella agar supplemented with 0.5 g/L ferric ammonium citrate.  
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Hippocampal Electrophysiology 

Mice were first deeply anesthetized with isoflurane, and following cervical dislocation, the 

brain was rapidly removed and submerged in ice-cold, oxygenated (95% O2/5% CO2) 

artificial cerebrospinal fluid (ACSF) containing (in mM) as follows: 124 NaCl, 4 KCl, 25 

NaHCO3, 1 NaH2PO4, 2 CaCl2, 1.2 MgSO4, and 10 glucose (Sigma-Aldrich). While iced, 

the brain was hemisected, and the hippocampi removed. Slice were made using a tissue 

chopper in 400 µM sections and maintained at 30°C in interface-type chambers that were 

continuously perfused (2–3 ml/min) with ACSF and allowed to recover for at least 2 h 

before recordings. For LTP experiments, a bipolar nichrome wire stimulating electrode 

was placed in stratum radiatum of the CA1 region and used to activate Schaffer collateral 

fiber synapses. For paired pulse facilitation and population spike measurements, the 

recording electrode was placed in the pyramidal cell body layer. For LTP recordings, the 

maximal fEPSP amplitude was determined and the intensity of stimulation was adjusted 

to produce fEPSPs with an amplitude 50% of the maximal amplitude. Baseline recordings 

were taken for at least 20 minutes, followed by two trains of 1 second long 100 Hz 

stimulation with 10 seconds inter-train interval, then at least an hour of recording post-

tetanus. The last five minutes of recording post-tetanus were used for statistical 

comparison. Paired-pulse facilitation was measured at impulse distances of 10, 20, 30, 

40 and 50 ms by measuring the height of the population spike.  

  

Hippocampal Transcriptomic Profiling 
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Hippocampi were microdissected and RNA extracted using the Qiagen RNEasy Mini Kit. 

RNA quality was assessed to be RIN>8.9 using the 4200 Tapestation (Agilent). RNA 

libraries were prepared using the QuantSeq FWD’ mRNA-Seq Library Prep Kit (Lexogen) 

and sequenced via the Illumina HiSeq platform by the UCLA Neuroscience Genomics 

Core. Sequences were filtered using FastQC v. 0.11.9 (Andrews, 2010) for quality control, 

followed by Trimmomatic (Bolger et al., 2014) to remove barcodes and reads with an 

average phred score of 33 (parameters: illuminaclip:2:30:6, slidingwindow:5:30, 

leading:30, trailing:30, crop:65, minlen:20). Parsed reads were then aligned to the mouse 

genome mm10 using HISAT2 (Kim et al., 2019). Read counts were obtained using 

HTSeq-count (Anders et al., 2015). Differential gene expression was determined using 

DESeq2  (Love et al., 2014). Heatmaps were constructed using the R package (Team, 

2013) pheatmap (Kolde, 2015), GO term enrichment analysis was conducted using 

DAVID (Huang da et al., 2009a, b) and Protein-Protein network analysis using STRING 

(Szklarczyk et al., 2019).  

  

Hippocampal Immunofluorescence Staining and Imaging 

Hippocampi were microdissected, post-fixed in 4% paraformaldehyde for 24 hours, 

cryopreserved in 30% sucrose for 24 hours, embedded and frozen in OCT, and 

cryosectioned using a Leica CM1950 cryostat. 25 µm coronal sections were collected 

within a span of 200 µm and distributed between two slides beginning at the site of the 

hippocampal formation, determined in accordance to the Mouse P56 Coronal Reference 

Atlas of the Allen Institute (Lein et al., 2007). Slides were incubated in DAKO antigen 

retrieval solution (Agilent) at 90 ºC for two minutes, washed, and then blocked (0.3%PBS-
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T, 5% BSA, 10% normal goat serum) for one hour at room temperature. Sections were 

incubated at 4ºC for 48 hours using anti-DCX (Guinea Pig Polyclonal, 1:500, Millipore 

AB2253), washed and then incubated with Alexa Fluor secondaries (1:1000) for two hours 

at room temperature before being washed and mounted. Sections were imaged using a 

Zeiss LSM 780 confocal microscope at 20X magnification with 1.5 zoom across 8.4 µm 

section widths across 7 Z-stacks. Image optimization and orthogonal projections were 

performed in Zen Blue (Zeiss) and background removal was done in ImageJ (Schneider 

et al., 2012). Quantification of DCX was performed by tracing the granule cell layers of 

the DG and quantitating DCX+ within enclosed area using ImageJ (NIH) particle analysis 

(Schneider et al., 2012). 

  

Lymphocyte Isolation and Flow Cytometry 

Single-cell suspensions were prepared from colonic lamina propria using procedures 

adapted from (Takahara et al.). Colons were dissected, cut longitudinally with gentle fat 

removal, and contents washed away in 1 X PBS. Epithelial cell stripping was achieved 

through two 45-minute incubations shaking at 37 °C HBSS with 0.5M EDTA and 1M 

HEPES (ThermoFisher). Colonic tissue was then digested using two 45-minute 

incubations shaking at 37 °C in RPMI supplemented with 4% FCS, 0.5 mg/mL 

collagenase D (Sigma), 0.25 mg/mL DNAseI, grade II (Sigma), and 0.5 mg/mL dispase 

(Gibco). All lymphocytes were then collected and stimulated for two hours with 500 ng/mL 

PMA and 500 ng/mL ionomycin in RPMI with 10% FCS, 2% MEM NEAA, 2% Pen/strep, 

2% sodium pyruvate, followed by 3-hour incubation with 500 ng/mL Brefeldin A. Cells 

were incubated on ice and in darkness with 1:600 viability dye for 20 min, followed by 30 
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min incubation on ice and in darkness with CD3-APC (Biolegend), CD4-PE 

(ThermoFisher), CD45-BV605 (Biolegend) at 1:200 in FACS buffer. Cells were next 

incubated with 100 µL of fixation buffer for 30 minutes in darkness, washed with 1X PBS, 

and stored in PBS at 4 °C until the next day. On the following day, cells were incubated 

with permeabilization buffer for 15 minutes in darkness at room temperature, followed by 

intracellular antibodies IL-17A- FITC (ThermoFisher) and IFNg-PE (ThermoFisher) for 30 

minutes on ice in darkness at a 1:200 ratio in permeabilization buffer. Data were acquired 

on FACSCalibur (BD Biosciences) or the Attune NxT Flow Cytometer. All data contained 

within a graph were acquired on the same flow cytometer (GF data on the FACSCalibur, 

and Abx and SPF data on the Attune NxT, respectively). Data were analyzed using 

FlowJo (TreeStar) software.  

  

Digital PCR  

Briefly, each reaction was set up with 92.0 µL of DNA sample, 10 µL of ddPCR master 

mix (QX200 ddPCR EvaGreen Supermix, Bio-Rad Laboratories), forward (UN00F2, 5′- 

CGCCGGTATCGAAATCGTGACAGCMGCCGCGGTAA-3′) and reverse (UN00R0, 5′-

ATTCGCGGAAGGAGCGAGAG GGACTACHVGGGTWTCTAAT-3′ [1, 3]) primers 

(Integrated DNA Technologies) at the final concentration of 500 nM each, and ultrapure 

water (Thermo Fisher Scientific) to the final volume of 20 µL. In some experiments, 

additional DNA intercalating dye (EvaGreen, Biotium) was added to the reactions up to 

×1 final concentration (to achieve up to ×2 overall concentration). Each reaction volume 

was converted to droplets using a QX200 droplet generator (Bio-Rad Laboratories). 

Droplet samples were amplified on a thermocycler (C1000 Touch, Bio-Rad Laboratories) 
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with the following conditions according to the program: initial denaturation at 95°C for 5 

min. followed by 40 cycles each consisting of denaturation at 95°C for 30 sec., annealing 

at 6552°C for 30 sec., and extension at 68°C for 60 sec.; followed by the dye stabilization 

step consisting of 5 min incubation at 4°C, 5 min incubation at 90°C, and incubation at 

12°C for at least 5 min. Droplet samples were quantified on a QX200 Droplet Digital PCR 

System (Bio-Rad Laboratories). The raw data were analyzed and the target molecule 

Sample concentrations were extracted using the accompanying software (QuantaSoft 

Software, Bio-Rad Laboratories) with auto-thresholding conditions. Sample 

concentrations were then normalized to sample extraction mass and corrected for volume 

losses during extraction protocol. Lower limit of quantification of the assay was 

determined as 3X the no template control concentration normalized to the minimum 

sample extraction mass. 

  

IFNg Quantification 

Blood samples were collected by cardiac puncture and spun through serum separation 

tubes (SST vacutainers, Becton Dickinson). Serum IFNg concentrations were quantified 

using the V-PLEX Proinflammatory Panel 1 Mouse Kit (Meso Scale Diagnostics), 

according to the manufacturer’s instructions. 

  

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical analysis was performed using Prism software version 8.2.1 (GraphPad). Data 

were assessed for normal distribution and plotted in the figures as mean ± SEM. For each 
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figure, n = the number of independent biological replicates. No samples or animals were 

excluded from the analyses.  Differences between two treatment groups were assessed 

using two-tailed, unpaired Student t test with Welch’s correction. Differences among >2 

groups with only one variable were assessed using one-way ANOVA with Sidak post hoc 

test. Taxonomic comparisons from 16S rDNA gene sequencing analysis were analyzed 

by Kruskal-Wallis test with Bonferroni post hoc test. Two-way ANOVA with Sidak post-

hoc test was used for ≥ 2 groups with two variables (e.g. Barnes maze latency to enter, 

errors made over 6 trials). 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 non-

significant (and non-near significant) differences are indicated in the figures by “n.s.”. 

SUPPLEMENTAL INFORMATION  

Supplemental Information includes nine figures, three tables and all source data, and can 

be found with this article.  
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Figure 22: The Ketogenic Diet Potentiates Hypoxia-Induced Impairments in 

Cognitive Behavior. A) Experimental timeline: Conventionally-colonized (specific 

pathogen free, SPF) mice were fed a control diet (CD) for 7 days prior to intermittent 

hypoxia (Hyp) or normoxia (Mock) exposure for 5 days, followed by Barnes maze 
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testing 4 days later. B) Representative Barnes maze traces for SPF mice fed the CD 

and exposed to Mock or Hyp. White lines indicate movement trajectories, whereas blue 

hues denote increasing durations of time spent at a specific location. Orange circles 

indicate the escape hole. C) Latency to enter the escape hole of the Barnes maze 

across six 300-second trials for SPF mice fed the CD and exposed to Mock or Hyp. 

(Two-way ANOVA with Sidak, n=13-17). D) Errors made as measured by number of 

incorrect nose pokes across six Barnes maze trials for SPF mice fed the CD and 

exposed to Mock or Hyp. (Two-way ANOVA with Sidak, n=13-17). E) Errors made 

during the final Barnes maze trial (probe) for SPF mice fed the CD and exposed to 

Mock or Hyp. (Unpaired two-tailed Students t-test, n=13-17). F) Search strategy used 

during the probe trial for SPF mice fed the CD and exposed to Mock or Hyp. (n=13-17). 

G) Experimental timeline: SPF mice were fed a ketogenic diet (KD) for 7 days prior to 

Hyp or Mock exposure for 5 days, followed by Barnes maze testing 4 days later. (n=11-

13). H) Representative Barnes maze traces for SPF mice fed the KD and exposed to 

Mock or Hyp. White lines indicate movement trajectories, whereas blue hues denote 

increasing durations of time spent at a particular location. Orange circles denote the 

escape hole. I) Latency to enter the escape hole across six 300-second trials for SPF 

mice fed the KD and exposed to Mock or Hyp. (Two-way ANOVA with Sidak, n=11-13). 

J) Errors made as measured by number of incorrect nose pokes across six Barnes 

maze trials for SPF mice fed the KD and exposed to Mock or Hyp. (Two-way ANOVA 

with Sidak, n=11-13). K) Errors made during the probe trial for SPF mice fed the KD and 

exposed to Mock or Hyp. (Unpaired two-tailed Students t-test, n=11-13). L) Search 

strategy used during the probe trial for SPF mice fed the CD and exposed to Mock or 
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Hyp. (n=11-13). Data are presented as mean ± S.E.M. * p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001. n.s.=not statistically significant. SPF=specific pathogen-free 

(conventionally-colonized), CD=control diet, KD=ketogenic diet, Mock=intermittent 

normoxia exposure, Hyp=intermittent hypoxia exposure. 

  
 

 

Figure 23: Alterations in the Gut Microbiota Contribute to Ketogenic Diet and 

Hypoxia-Induced Impairments in Cognitive Behavior. A) Experimental timeline: 

Conventionally-colonized (specific pathogen free, SPF) mice were pre-treated with oral 
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antibiotics (Abx) for 7 days prior to feeding with a ketogenic diet (KD), exposure to 

intermittent hypoxia (Hyp) or normoxia (Mock), and Barnes maze testing. B) 

Representative Barnes maze traces for SPF or Abx mice fed the KD and exposed to 

Hyp. White lines indicate movement trajectories, whereas blue hues denote increasing 

durations of time spent at a particular location. Orange circles indicate the escape hole. 

C) Latency to enter the escape hole of the Barnes maze across six 300-second trials for 

SPF or Abx mice fed the KD and exposed to Mock or Hyp. (Two-way ANOVA with 

Sidak, n=8 for Abx groups; SPF data are as in Fig. 1). D) Errors made as measured by 

number of incorrect nose pokes across six Barnes maze trials for SPF or Abx mice fed 

the KD and exposed to Mock or Hyp. (Two-way ANOVA with Sidak, n=8 for Abx groups; 

SPF data are as in Fig. 1). E) Errors made during the probe trial of the Barnes maze for 

SPF or Abx mice fed the KD and exposed to Mock or Hyp. (One-way ANOVA with 

Dunnett, n=8 for Abx groups; SPF data are as in Fig. 1). F) Search strategy used during 

probe trial of the Barnes maze for SPF or Abx mice fed the KD and exposed to Mock or 

Hyp. (n=8). G) Experimental timeline: GF mice were gavaged with fecal microbiota from 

SPF KD Mock or SPF KD Hyp donors (from Fig. 1) and subjected to Barnes maze 

testing 4 days later. H) Representative Barnes maze traces for GF transplanted with 

fecal microbiota from SPF KD Mock or SPF KD Hyp donors. Transplanted recipient 

mice receiving SPF KD Mock microbiota are denoted GF+Mock. Transplanted recipient 

mice receiving SPF KD Hyp microbiota are denoted GF+Hyp. White lines indicate 

movement trajectories, whereas blue hues denote increasing durations of time spent at 

a particular location. Orange circles denote the escape hole. I) Latency to enter the 

escape hole across six 300-second trials for GF mice transplanted with SPF KD Mock 
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or SPF KD Hyp microbiota. (Two-way ANOVA with Sidak, n=23). J) Errors made during 

as measured by number of incorrect nose pokes across six Barnes maze trials for GF 

mice transplanted with SPF KD Mock or SPF KD Hyp microbiota. (Two-way ANOVA 

with Sidak, n=23). K) Errors made during the probe trial of the Barnes maze for GF mice 

transplanted with SPF KD Mock or SPF KD Hyp microbiota. (Unpaired two-tailed 

Students t-test, n=23). L) Search strategy used during probe trial of the Barnes maze for 

GF mice transplanted with SPF KD Mock or SPF KD Hyp microbiota. (n=14-15). Data 

are presented as mean ± S.E.M. * p < 0.05, **p < 0.01, ***p < 0.001, ****P < 0.0001. 

n.s.=not statistically significant. SPF=specific pathogen-free (conventionally-colonized), 

Abx= treated with antibiotics (ampicillin, vancomycin, metronidazole, neomycin), 

KD=ketogenic diet, Mock=intermittent normoxia exposure, Hyp=intermittent hypoxia 

exposure, GF=germ-free, GF+Mock = GF mice transplanted with microbiota from SPF 

mice fed KD and exposed to Mock, GF+Hyp = GF mice transplanted with microbiota 

from SPF mice fed KD and exposed to Hyp. 
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Figure 24: Bilophila is Enriched by the Ketogenic Diet and Hypoxia, and 

Sufficiently Impairs Cognitive Behavior. A) Representative principal coordinates 

analysis of weighted UniFrac distance based on 16S rRNA gene profiling of feces from 
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SPF mice fed KD and exposed to Hyp or Mock. (n=4 cages). B) Average taxonomic 

distributions of low abundance bacteria from 16S rRNA gene sequencing data of feces 

from SPF mice fed KD and exposed to Hyp or Mock. (n=13 cages). C) Relative 

abundances of Clostridium cocleatum (left) and Bilophila spp. (right) in fecal microbiota 

of SPF mice fed KD and exposed to Hyp or Mock. (Kruskal wallis with Bonferroni, n=13 

cages). D) Representative principal coordinates analysis of unweighted UniFrac 

distance based on 16S rRNA gene profiling of feces from GF mice transplanted with 

fecal microbiota from SPF KD Mock or SPF KD Hyp mice (in panels A-C). (n=4-5 

cages) E) Average taxonomic distributions of low abundance bacteria from 16S rRNA 

gene sequencing data of feces from GF mice transplanted with microbiota from SPF KD 

Mock or SPF KD Hyp mice (n=9 cages). F) Relative abundances of Clostridium 

cocleatum (left) and Bilophila spp. (right) in fecal microbiota of GF mice transplanted 

with microbiota from SPF KD Mock or SPF KD Hyp mice. (Kruskal wallis with 

Bonferroni, n=9 cages). G) Experimental timeline: GF mice were gavaged with cultured 

Clostridium cocleatum (Clos) or Bilophila wadsworthia (Bilo) and subjected to Barnes 

maze testing 4 days later. H) Representative Barnes maze traces for GF mice 

monocolonized with Clos or Bilo. White lines indicate movement trajectories, whereas 

blue hues denote increasing durations of time spent at a particular location. Orange 

circles denote the escape hole. I) Latency to enter the escape hole across six 300-

second trials for GF mice monocolonized with Clos or Bilo. (Two-way ANOVA with 

Sidak, n=15, 24). J) Errors made as measured by number of incorrect nose pokes 

across six Barnes maze trials for GF mice monocolonized with Clos or Bilo. (Two-way 

ANOVA with Sidak, n=15, 24). K) Errors made during the probe trial of the Barnes maze 
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for GF mice monocolonized with Clos or Bilo. (Unpaired two-tailed Students t-test, n=15, 

24). L) Search strategy used during probe trial of the Barnes maze for GF mice 

monocolonized with Clos or Bilo. (n=15, 24). M) Effect size of hypoxia on latency to 

enter the escape hole during the probe trial, as measured by the difference between 

Hyp groups and respective Mock controls for SPF, Abx, GF, microbiota-transplanted 

(GF+Hyp-Mock), or monocolonized (GF+Bilo-Clos) mice fed CD or KD. (Two-way 

ANOVA with Dunnett, n=8-24). Data are presented as mean ± S.E.M. * p < 0.05, **p < 

0.01, ***p < 0.001. n.s.=not statistically significant. SPF=specific pathogen-free 

(conventionally-colonized), KD=ketogenic diet, Mock=intermittent normoxia exposure, 

Hyp=intermittent hypoxia exposure, GF=germ-free, GF+Mock = GF mice transplanted 

with SPF KD Mock microbiota, GF+Hyp = GF mice transplanted with SPF KD Hyp 

microbiota, GF+Clos = GF mice monocolonized with C. cocleatum. GF+Bilo = GF mice 

monocolonized with B. wadsworthia, Abx= treated with antibiotics (ampicillin, 

vancomycin, metronidazole, neomycin), CD= control diet. 
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Figure 25: Bilophila Colonization Phenocopies Ketogenic Diet and Hypoxia-

Induced Impairments in Hippocampal Activity. A) Hippocampal long-term 

potentiation (LTP) as indicated by fEPSP slope in response to 100 Hz tetanus, 

expressed as a percentage of 20-minute baseline signal, from slice electrophysiology of 

brains from SPF mice fed KD and exposed to Hyp or Mock. (n=7-8). B) Average fEPSP 

slope during the last 5 minutes of hippocampal LTP recording for SPF mice fed KD and 

exposed to Hyp or Mock. (Unpaired two-tailed Students t-test, n=7-8). C) Hippocampal 

population spike amplitude versus fEPSP slope from slice electrophysiology of brains 

from SPF mice fed KD and exposed to Hyp or Mock. (Two-way ANOVA with Sidak, 

n=7-8). Representative traces (inset). D) Hippocampal paired pulse facilitation from slice 

electrophysiology of brains from SPF mice fed KD and exposed to Hyp or Mock. (Two-
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way ANOVA with Sidak, n=7-8). Representative traces (inset). E) Hippocampal LTP as 

indicated by fEPSP slope in response to 100 Hz tetanus, expressed as a percentage of 

20-minute baseline signal from slice electrophysiology of brains from GF mice 

monocolonized with Clos or Bilo. (n=12). F) Average fEPSP slope during the last 5 

minutes of hippocampal LTP recording for GF mice monocolonized with Clos or Bilo. 

(Unpaired two-tailed Students t-test, n=12). G) Hippocampal population spike amplitude 

versus fEPSP slope from slice electrophysiology of brains from GF mice monocolonized 

with Clos or Bilo. (Two-way ANOVA with Sidak, n=12). Representative traces (inset). H) 

Hippocampal paired pulse facilitation from slice electrophysiology of brains from GF 

mice monocolonized with Clos or Bilo. (Two-way ANOVA with Sidak, n=12). 

Representative traces (inset). I) Principal components analysis of all differentially 

regulated genes from RNA sequencing of CA3 subfields of the hippocampus from GF 

mice monocolonized with Clostridium cocleatum (Clos) or Bilophila wadsworthia (Bilo). 

(n=6). J) Volcano plot labeling genes with high fold change of differential expression in 

hippocampal CA3 from GF mice monocolonized with Bilo relative to Clos-

monocolonized controls. (Wald test, n=6). K) Representative image of doublecortin 

(DCX)-positive neurons in the dentate gyrus of GF mice monocolonized with Clos or 

Bilo (left). Quantitation of DCX density per area of the dentate gyrus of GF mice 

monocolonized with Clos or Bilo (right). (Unpaired two-tailed Students t-test, n=4-5). 

Data are presented as mean ± S.E.M. * p < 0.05, **p < 0.01, ***p < 0.001. n.s.=not 

statistically significant. SPF=specific pathogen-free (conventionally-colonized), Abx= 

treated with antibiotics (ampicillin, vancomycin, metronidazole, neomycin), GF=germ-

free, KD=ketogenic diet, Hyp=intermittent hypoxia exposure, Mock=intermittent 
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normoxia exposure, GF+Clos = GF mice monocolonized with C. cocleatum. GF+Bilo = 

GF mice monocolonized with B. wadsworthia, DCX=doublecortin, LTP=long-term-

potentiation, fEPSP=field excitatory post-synaptic potential. 

  

 
  
Figure 26: Th1 cell Expansion Contributes to Bilophila-induced Impairments in 

Cognitive Behavior. A) Experimental timeline: SPF wildtype (WT) or Tbet -/- mice were 

treated with a 7-day gavage of broad-spectrum antibiotics, followed by Bilophila 

wadsworthia (Abx+Bilo WT, Abx+Bilo Tbet -/-) or sterile, pre-reduced saline (Abx WT), 
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followed by Barnes maze testing. B) Representative Barnes maze traces for Abx+WT 

mice compared to Abx mice colonized with Bilophila wadsworthia with either WT or Tbet 

-/- background. White lines indicate movement trajectories, whereas blue hues denote 

increasing durations of time spent at a particular location. Orange circles denote the 

escape hole. C) Latency to enter the escape hole of the Barnes maze across six 300-

second trials for male Abx WT or Tbet -/- mice colonized with Bilophila or treated with 

saline. (Two-way ANOVA with Sidak, n=10,7). D) Errors made during Barnes maze 

testing for Abx WT or Tbet -/- mice colonized with Bilophila or treated with saline. (Two-

way ANOVA with Sidak, n=10,7). E) Errors made during the final Barnes maze trial 

(probe) for Abx WT or Tbet -/- mice colonized with Bilophila or treated with saline. 

(Unpaired two-tailed Students t-test, n=10,7). F) Search strategy used during the probe 

trial for Abx WT or Tbet -/- mice colonized with Bilophila or treated with saline. (n=10,7). 

G) Experimental timeline: SPF wildtype (WT) or Tbet -/- mice were fed a ketogenic diet 

(KD) for 7 days prior to intermittent hypoxia (Hyp) or normoxia (Mock) exposure for 5 

days, followed by Barnes maze testing 4 days later. H) Representative Barnes maze 

traces for SPF KD Mock WT mice compared to SPF KD Hyp mice with either WT or 

Tbet -/- background. White lines indicate movement trajectories, whereas blue hues 

denote increasing durations of time spent at a particular location. Orange circles denote 

the escape hole. I) Latency to enter the escape hole of the Barnes maze across six 300-

second trials for male SPF KD Mock WT mice compared with SPF KD Hyp WT and 

SPF KD Hyp Tbet -/- mice. (Two-way ANOVA with Sidak, n=10). J) Errors made during 

Barnes maze testing for SPF KD Mock WT mice compared with SPF KD Hyp WT and 

SPF KD Hyp Tbet -/- mice. (Two-way ANOVA with Sidak, n=10). K) Errors made during 
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the final Barnes maze trial (probe) for SPF KD Mock WT mice compared with SPF KD 

Hyp WT and SPF KD Hyp Tbet -/- mice. (Unpaired two-tailed Students t-test, n=10). L) 

Search strategy used during the probe trial for SPF KD Mock WT mice compared with 

SPF KD Hyp WT and SPF KD Hyp Tbet -/- mice. (n=10). Data are presented as mean ± 

S.E.M. * p < 0.05, **p < 0.01. n.s.=not statistically significant. SPF=specific pathogen-

free (conventionally-colonized), Abx (conventionally-colonized mice treated with broad-

spectrum antibiotics), WT= wildtype, Tbet -/-= knockout line for Tbet transcription factor, 

KD=ketogenic diet, Mock=intermittent normoxia exposure, Hyp=intermittent hypoxia 

exposure. 

SUPPLEMENTAL FIGURES AND FIGURE LEGENDS 
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Figure 27: There is no significant effect of hypoxia or ketogenic diet on 

locomotion in the Barnes maze, Related to Figure 1. A) Average velocity of 

locomotion across trials in the Barnes maze for SPF mice fed CD and exposed to Mock 

or Hyp. (Two-way ANOVA with Sidak, n=12-13). B) Total distance travelled across trials 

in the Barnes maze for SPF mice fed CD and exposed to Mock or Hyp. (Two-way 

ANOVA with Sidak, n=12-13). C) Average velocity of locomotion across trials in the 

Barnes maze for SPF mice fed KD and exposed to Mock or Hyp. (Two-way ANOVA 

with Sidak, n=11-13). D) Total distance travelled across trials in the Barnes maze for 

male SPF mice fed KD and exposed to Mock or Hyp. (Two-way ANOVA with Sidak, 
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n=11-13). E) Average velocity of locomotion across trials in the Barnes maze for SPF 

mice pre-treated with Abx, fed KD and exposed to Mock or Hyp. (Two-way ANOVA with 

Sidak, n=8). F) Total distance travelled across trials in the Barnes maze for SPF mice 

pre-treated with Abx, fed KD and exposed to Mock or Hyp. (Two-way ANOVA with 

Sidak, n=8). G) Average velocity of locomotion across trials in the Barnes maze for GF 

mice transplanted with SPF KD Mock or SPF KD Hyp microbiota. (Two-way ANOVA 

with Sidak, n=8). H) Total distance travelled across trials in the Barnes maze for GF 

mice transplanted with SPF KD Mock or SPF KD Hyp microbiota. (Two-way ANOVA 

with Sidak, n=8). I) Average velocity of locomotion across trials in the Barnes maze for 

GF mice monocolonized with Clos or Bilo. (Two-way ANOVA with Sidak, n=14-15). J) 

Total distance travelled across trials in the Barnes maze for GF mice monocolonized 

with Clos or Bilo. (Two-way ANOVA with Sidak, n=14-15). Data are presented as mean 

± S.E.M. * p < 0.05, **p < 0.01, ***p < 0.001. n.s.=not statistically significant. Abx= 

treated with antibiotics (ampicillin, vancomycin, metronidazole, neomycin), 

KD=ketogenic diet, Mock=intermittent normoxia exposure, Hyp=intermittent hypoxia 

exposure, GF=germ-free, GF+Mock = GF mice transplanted with microbiota from SPF 

mice fed KD and exposed to Mock, GF+Hyp = GF mice transplanted with microbiota 

from SPF mice fed KD and exposed to Hyp, GF+Clos = GF mice monocolonized with C. 

cocleatum. GF+Bilo = GF mice monocolonized with B. wadsworthia. 
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Figure 28: There is no significant effect of hypoxia or ketogenic diet on behavior 

of male mice in open field exploration and prepulse inhibition tasks, Related to 

Figure 1. A) Time spent in the center arena during the open field task for SPF mice fed 

CD or KD and exposed to Mock or Hyp. (One-way ANOVA with Sidak, n=6). B) Number 

of entries into the center arena during the open field task for SPF mice fed CD or KD 

and exposed to Mock of Hyp. (One-way ANOVA with Sidak, n=6). C) Total distance 

travelled during the open field task for SPF mice fed CD or KD and exposed to Mock of 

Hyp. (One-way ANOVA with Sidak, n=6). D) Average velocity of locomotion during the 

open field task for SPF mice fed CD or KD and exposed to Mock of Hyp. (One-way 

ANOVA with Sidak, n=6). E) Percent pre-pulse inhibition (PPI) in response to a 5, 10, or 

15 dB pre-pulse in SPF mice fed CD or KD and exposed to Mock of Hyp. (Two-way 

ANOVA with Sidak, n=4-8, negative dots out of range). Data are presented as mean ± 
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S.E.M. n.s.=not statistically significant. SPF=specific pathogen-free (conventionally-

colonized), CD=control diet, KD=ketogenic diet, Mock=intermittent normoxia exposure, 

Hyp=intermittent hypoxia exposure. 

 
  
Figure 29: The ketogenic diet significantly potentiates hypoxia-induced 

impairments in cognitive behavior in the Barnes maze, Related to Figure 1. A) 

Latency to enter the escape hole of the Barnes maze across six 300-second trials for 

SPF mice fed the CD and exposed to Mock or Hyp. (Two-way ANOVA with Sidak, 

n=11-17). B) Errors made as measured by number of incorrect nose pokes across six 

Barnes maze trials for SPF mice fed the CD and exposed to Mock or Hyp. (Two-way 

ANOVA with Sidak, n=11-17). C) Search strategy used during the probe trial for SPF 

mice fed the CD and exposed to Mock or Hyp. (n=11-17). Data are as displayed in 

Figure 1. Data are presented as mean ± S.E.M. * p < 0.05, **p < 0.01. SPF=specific 

pathogen-free (conventionally-colonized), CD=control diet, KD=ketogenic diet, 

Mock=intermittent normoxia exposure, Hyp=intermittent hypoxia exposure. 

 



 
332 

 
 
 
 

 

  
Figure 30: Germ-free mice fed the ketogenic diet are resistant to hypoxia-induced 

impairment in cognitive behavior, Related to Figure 2. A) Experimental timeline: GF 

mice were fed KD for 7 days prior to Hyp or Mock exposure for 5 days, followed by 

Barnes maze testing 4 days later. B) Representative Barnes maze traces for GF mice 

fed the KD and exposed to Mock or Hyp. White lines indicate movement trajectories, 

whereas blue hues denote increasing durations of time spent at a particular location. 

Orange circles indicate the escape hole. C) Latency to enter the escape hole of the 

Barnes maze across six 300-second trials for male GF mice fed the KD and exposed to 

Mock or Hyp. (Two-way ANOVA with Sidak, n=14-15 for GF groups; SPF data are as in 

Fig. 1). D) Errors made as measured by number of incorrect nose pokes across six 

Barnes maze trials for GF mice fed the KD and exposed to Mock or Hyp. (Two-way 
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ANOVA with Sidak, n=14-15 for GF groups; SPF data are as in Fig. 1). E) Errors made 

during the probe trial of the Barnes maze for GF mice fed the KD and exposed to Mock 

or Hyp. (One-way ANOVA with Sidak, n=14-15 for GF groups; SPF data are as in Fig. 

1). F) Search strategy used during probe trial of the Barnes maze for GF mice fed the 

KD and exposed to Mock or Hyp. (n=14-15). G) Average velocity of locomotion across 

trials in the Barnes maze for GF mice fed KD and exposed to Mock or Hyp. (Two-way 

ANOVA with Sidak, n=14-15). H) Total distance travelled across trials in the Barnes 

maze for GF mice fed KD and exposed to Mock or Hyp. (Two-way ANOVA with Sidak, 

n=14-15). Data are presented as mean ± S.E.M. n.s.=not statistically significant. 

SPF=specific pathogen-free (conventionally-colonized), GF=germ-free, KD=ketogenic 

diet, Mock=intermittent normoxia exposure, Hyp=intermittent hypoxia exposure. 
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Figure 31: There is no effect of the ketogenic diet and hypoxia on alpha diversity 

of the fecal microbiota, Related to Figure 3. A) Number of observed operational 

taxonomic units (OTUs) in the gut microbiota, as measured by 16S rRNA gene 

sequencing data of feces from SPF mice fed the KD and exposed to Mock or Hyp. (n=8 

cages). B) Average taxonomic distributions of abundant fecal bacteria from 16S rRNA 

gene sequencing of feces from SPF mice fed the KD and exposed to Mock or Hyp. (n=8 

cages). C) Number of observed OTUs in the gut microbiota, as measured by 16S rRNA 

gene sequencing data of feces from GF mice transplanted with microbiota from SPF 

mice fed the KD and exposed to Mock or Hyp. (n=10-11 cages). D) Average taxonomic 

distributions of fecal bacteria from 16S rRNA gene sequencing of feces from GF mice 
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transplanted with microbiota from SPF mice fed the KD and exposed to Mock or Hyp. 

(n=10-11 cages). SPF=specific pathogen-free (conventionally-colonized), KD=ketogenic 

diet, Mock=intermittent normoxia exposure, Hyp=intermittent hypoxia exposure, 

GF=germ-free, GF+Mock = GF mice transplanted with microbiota from SPF mice fed 

KD and exposed to Mock, GF+Hyp = GF mice transplanted with microbiota from SPF 

mice fed KD and exposed to Hyp. 

  
 
 
 

 

Figure 32: The absolute abundance of Bilophila in the gut microbiota is 

associated with cognitive impairment in the Barnes maze, Related to Figure 3. A) 

Digital PCR for absolute quantification of Bilophila 16S copies per gram of fecal matter 

for SPF KD Mock, SPF KD Hyp, SPF CD Mock, SPF CD Hyp. (n=4-5). Red-dashed line 

indicates the LLOQ of the assay. 
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Figure 33. Microbiota depletion diminishes ketogenic diet and hypoxia-induced 

impairments in hippocampal physiology, Related to Figure 4. A) Hippocampal long-

term potentiation (LTP) as indicated by fEPSP slope in response to 100 Hz tetanus, 

expressed as a percentage of 20-minute baseline signal from slice electrophysiology of 

brains from SPF or Abx mice fed KD and exposed to Hyp or Mock. Data for SPF groups 

are as in Fig. 4. (n=5-8). B) Average fEPSP slope during the last 5 minutes of 

hippocampal LTP recording for SPF or Abx mice fed KD and exposed to Hyp or Mock. 

Data for SPF groups are as in Fig. 4. (One-way ANOVA with Sidak, n=5-8). C) 
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Hippocampal population spike amplitude versus fEPSP slope from slice 

electrophysiology of brains from SPF or Abx mice fed KD and exposed to Hyp or Mock. 

Data for SPF groups are as in Fig. 4. (Two-way ANOVA with Sidak, n=5-8). 

Representative traces (inset). D) Hippocampal paired pulse facilitation from slice 

electrophysiology of brains from SPF or Abx mice fed KD and exposed to Hyp or Mock. 

Data for SPF groups are as in Fig. 4. (Two-way ANOVA with Sidak, n=5-8). 

Representative traces (inset). Data are presented as mean ± S.E.M. * p < 0.05, **p < 

0.01. n.s.=not statistically significant. SPF=specific pathogen-free (conventionally-

colonized), Abx= treated with antibiotics (ampicillin, vancomycin, metronidazole, 

neomycin), GF=germ-free, KD=ketogenic diet, Hyp=intermittent hypoxia exposure, 

Mock=intermittent normoxia exposure, LTP=long-term-potentiation, fEPSP=field 

excitatory post-synaptic potential. 
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Figure 34. Microbiota depletion alters hippocampal gene expression in mice fed 

ketogenic diet and exposed to hypoxia, Related to Figure 4. A) Differentially 

expressed genes (q<0.05) in the CA3 of the hippocampus in Abx and GF mice relative 

to SPF controls, all fed KD and exposed to Hyp. Bolded numbers are the total number 

of genes differentially regulated by each treatment. Of these, upregulated genes are 

displayed in green, whereas downregulated genes are displayed in magenta. Numbers 

in overlapping region denote the genes similarly altered by both Abx treatment and GF 

rearing. (Wald test, n=6). B) Principal components analysis of all differentially regulated 

genes from RNA sequencing of CA3 subfields of the hippocampus from SPF, GF or 
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Abx-treated mice fed KD and exposed to Hyp. (n=6). C) Heatmap of the 137 genes 

differentially regulated (q<0.05) in hippocampal CA3 of both GF and Abx-treated mice 

relative to SPF controls fed KD and exposed to Hyp. (Wald test, n=6). D) Top 10 

pathways from GO-Term enrichment analysis of the 53 commonly upregulated genes 

(top, green) and 84 commonly downregulated genes (bottom, magenta) in hippocampal 

CA3 from GF and Abx-treated mice relative to SPF controls, all fed KD and exposed to 

Hyp (Fisher’s exact test, n=6). E) STRING protein network analysis of 53 commonly 

upregulated genes (left) and 84 commonly downregulated genes (right) from Abx and 

GF mice relative to SPF controls, all fed KD and exposed to Hyp. (n=6). F) Volcano 

plots of pairwise comparisons labeling differentially expressed genes (log 2 fold change 

> 2) in Abx (left) and GF (right) mice relative to SPF controls, all fed KD and exposed to 

Hyp. Differentially expressed genes shared by both Abx and GF conditions are labeled 

in red font. (n=6). Abx= treated with antibiotics (ampicillin, vancomycin, metronidazole, 

neomycin), GF= germ-free, SPF=specific pathogen-free (conventionally-colonized), 

KD=ketogenic diet, Hyp=intermittent hypoxia exposure. 
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Figure 35: Th1 cell Expansion Contributes to Bilophila-induced Impairments in 

Cognitive Behavior. A) Percentages of IFNg+ Th1 cells out of total CD3+CD4+ cell 

counts in the lamina propria of GF, GF+Bilo, and GF+Clos mice. (One-way ANOVA with 

Sidak, n=5-6). B) Representative flow cytometry plots of CD3+IFNg+ Th1 cells and 

CD3+IL-17a+ Th17 cells in the lamina propria of GF, GF+Bilo, and GF+Clos mice. C) 

Percentages of IFNg+ Th1 cells out of total CD3+CD4+ cell counts in the lamina propria 

of Abx WT, Abx+Bilo WT, Abx+Bilo Tbet -/- mice. (One-way ANOVA with Sidak, n=6-8). 

D) Representative flow cytometry plots of CD3+IFNg+ Th1 cells and CD3+IL-17a+ Th17 

cells in the lamina propria of Abx WT, Abx+Bilo WT, Abx+Bilo Tbet -/- mice. E) 

Percentages of IFNg+ Th1 cells out of total CD3+CD4+ cell counts in the lamina propria 
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of SPF KD Mock WT, SPF KD Hyp WT, and SPF KD Hyp Tbet -/- mice. (One-way 

ANOVA with Sidak, n=6-8). F) Representative flow cytometry plots of CD3+IFNg+ Th1 

cells and CD3+IL-17a+ Th17 cells in the lamina propria of SPF KD Mock WT, SPF KD 

Hyp WT, and SPF KD Hyp Tbet -/- mice. G) IFNg serum concentration for SPF KD 

Mock and SPF KD Hyp mice (Unpaired two-tailed Students t-test, n=7). Data are 

presented as mean ± S.E.M. * p < 0.05, **p < 0.01. n.s.=not statistically significant. 

SPF=specific pathogen-free (conventionally-colonized), Abx (conventionally-colonized 

mice treated with broad-spectrum antibiotics), WT= wildtype, Tbet -/-= knockout line for 

Tbet transcription factor, KD=ketogenic diet, Mock=intermittent normoxia exposure, 

Hyp=intermittent hypoxia exposure. 
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ABSTRACT 

Background: It is unclear how high fructose consumption induces disparate metabolic 

responses in genetically diverse mouse strains. 

 

Objective: We aim to investigate whether the gut microbiota contributes to differential 

metabolic responses to fructose. 

 

Methods: Eight-week-old male mice, namely, C57BL/6J (B6), DBA/2J (DBA), and 

FVB/NJ (FVB) were given 8% fructose solution or regular water (control) for 12 weeks. 

Gut microbiota composition in cecum and feces was analyzed using 16S rRNA gene 

sequencing, and PERMANOVA was used to compare community differences across 

mouse strains, treatments, and time points. Microbiota abundance was correlated with 

metabolic phenotypes and host gene expression in hypothalamus, liver and adipose 

tissues using Biweight midcorrelation. To test the causal role of gut microbiota in 

determining fructose response, we conducted fecal transplant experiments from B6 to 

DBA and vice versa, as well as Akkermansia muciniphila colonization experiments in 

DBA mice. 

 

Results: Compared to B6 and FVB mice, DBA mice had significantly higher 

Firmicutes/Bacteroidetes ratio (P < 0.001 by one-way ANOVA with Sidak’s test) and 

lower baseline levels of Akkermansia, S24-7 and Turicibacter, accompanied by 

metabolic dysregulation after high fructose consumption. Additionally, fructose altered 

specific microbial taxa in individual mouse strains, such as Akkermansia in B6 (7.23 
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fold) and Rikenellaceae in DBA (0.38 fold), which demonstrated strain-specific 

correlations with host metabolic and transcriptomic phenotypes. Fecal transplant 

experiments indicated that B6 microbes conferred resistance to fructose-induced weight 

gain in DBA mice (P < 0.001), and Akkermansia colonization abrogated the fructose-

induced weight gain (P < 0.001) and glycemic dysfunctions (P < 0.001) in DBA mice. 

 

Conclusions: Our findings support that differential microbiota composition between 

mouse strains is partially responsible for host metabolic sensitivity to fructose, and that 

Akkermansia is one of the key bacteria that confer resistance to fructose-induced 

dysregulation of adiposity and glycemic traits.  

  

Keywords: gut microbiota, fructose, metabolic syndrome, fecal transplant, 

Akkermansia, microbiota-host interaction, gene by diet interaction 

 

Introduction 

The drastic increase in fructose consumption over the past few decades has been 

paralleled by the rising prevalence of metabolic syndrome and diabetes (1). Our recent 

systems nutrigenomics study unraveled the impact of fructose on transcriptome, 

epigenome and  gene-gene interactions in the hypothalamus, which is the main 

regulator of metabolism (2). Additionally, studies on the liver and adipose tissues have 

also revealed fructose-induced alterations in genes involved in several aspects of 

systemic metabolism (3–5). Interestingly, genetically diverse mouse strains demonstrate 

disparate metabolic responses to fructose consumption, a finding reproducible across 
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multiple studies, including ours (5,6). However, the causal mechanisms underlying the 

inter-individual differences in metabolic responses to fructose have yet to be elucidated. 

 

The gut microbiome is emerging as an important modulator of metabolism, obesity, and 

other metabolic disorders (7). The dynamic nature and ease of manipulating the gut 

microbiome have made it a suitable therapeutic target to mitigate metabolic syndrome 

(8). Diet influences trillions of gut microorganisms as early as one day post dietary 

intervention (9). The gut microbiome has been suggested to contribute to phenotypic 

diversity in different mouse strains on a high fat high sucrose diet (10,11). It is plausible 

that the gut microbiome also plays a role in determining inter-individual variability in 

metabolic responses to fructose consumption. 

Dietary fructose is mainly absorbed in the small intestine, where it can be extensively 

metabolized into glucose and organic acids. However, excessive amount of fructose 

that is not absorbed in the small intestine due to malabsorption or high intake can 

undergo colonic bacterial fermentation, resulting in the production of metabolites 

including short-chain fatty acids (12). Fructose also has the potential to modify the 

microbiota community and its normal function. For instance, fructose metabolites can 

shape the gut environment and be an energy source for the gut microbiota (13). 

Fructose can also suppress gut bacterial colonization by silencing a colonization factor 

in a commensal bacterium (14). 

 

Here, we investigated gut microbiota as a potential link between fructose consumption 

and differential metabolic phenotypes in mice with diverse genetic backgrounds. We 
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tested our paradigm in three mouse strains, namely C57BL/6J (B6), DBA/2J (DBA), and 

FVB/NJ (FVB), which have contrasting metabolic susceptibility to high caloric diets 

(5,6,11). 

  

Methods 

Animals and study design 

To investigate the role of the gut microbiota in host responses to fructose consumption, 

we examined microbial composition in the context of differential metabolic and 

transcriptomic responses in multiple mouse strains (Supplemental Figure 1). Seven-

week old male mice (20-25g) from three inbred strains, namely B6, DBA, and FVB, 

were obtained from the Jackson Laboratory (Bar Harbor, ME) and housed in a 

pathogen-free barrier facility with a 12-hour light/dark cycle at University of California, 

Los Angeles. Mice were fed Lab Rodent Diet 5001, containing 234 g/kg protein, 45 g/kg 

fat, 499 g/kg carbohydrate, and 2.89 kcal/g metabolizable energy (LabDiet, St Louis, 

MO). After one-week acclimation, mice from each strain were randomly divided into two 

groups. One group was provided with regular water (control group, n=8-10 mice/strain) 

and the other group was given 8% (w/v) fructose (3.75 kcal/g energy; NOW Real Food, 

Bloomingdale, IL) dissolved in regular water (fructose group, n=10-12 mice/strain) for 12 

weeks ad libitum. Food and drink intake were monitored daily on a per-cage basis. 

Distinct alterations in body weight, fat mass, plasma lipids, glycemic traits, 

intraperitoneal glucose tolerance test (IPGTT), and the transcriptome of liver, adipose, 

and hypothalamus in response to fructose consumption across mouse strains were 

observed and previously published (5). Gut microbiota composition was analyzed from 
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cecum and feces, and was correlated with metabolic phenotypes and host gene 

expression in individual tissues to prioritize microbial taxa that may contribute to 

differential host fructose responses. Lastly, fecal microbiota transplant (FMT) and 

Akkermansia muciniphila (AM) colonization experiments were conducted to test the 

causal role of gut microbiota in determining mouse strain-specific fructose responses. 

The study was performed in accordance with National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. All experimental protocols were approved by the 

Institutional Animal Care and Use Committee at the University of California, Los 

Angeles. 

  

Fecal and cecal microbiota analysis 

Feces were collected at 1, 2, 4, and 12-weeks of fructose treatment, and cecal contents 

were collected at the end of fructose treatment (12-weeks). Samples were snap frozen 

and then stored at -80°C until DNA isolation. Microbial DNA was isolated from samples 

using the MO BIO PowerSoil®-htp 96 Well Soil DNA Isolation Kit (MO BIO, Carlsbad, 

CA). For the fecal and cecal samples, the same lot isolation kit was used; for the fecal 

transplant samples a different lot kit was used. The V4 region (15,16) of the 16S rRNA 

gene was amplified in triplicate with barcoded primers (515f and 806r) (17). PCR 

products were quantified with Quant-iTTM PicoGreen® dsDNA Assay Kit (Thermo 

Fisher) and all samples from a specific experiment (e.g., fecal, cecal, or fecal transplant 

experiment) were combined in equal amounts (~250 ng per sample) into a single pooled 

submission to be purified with the UltraClean PCR® Clean-Up Kit (MO BIO). Single-end 

reads were generated on the Illumina HiSeq 2500 platform using two lanes for each 
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pool of mixed samples to create an unbiased sequencing approach. Roughly 500 

samples were sequenced per submission, and each dataset of fecal, cecal, and fecal 

transplant samples were sequenced in different submissions. Raw sequences were 

processed using QIIME to produce de-multiplexed and quality-controlled sequences. 

Reads were binned into OTUs at 97% similarity using UCLUST against the Greengenes 

reference database (18). Singletons, OTUs representing less than 0.005% total relative 

abundance, unsuccessfully sequenced samples, and outliers were removed. Samples 

were normalized to a rarefied level specific for each dataset to reduce the effect of 

unequal sequencing depth to result in 60,000, 106,815, and 37,614 reads per sample 

for fecal, cecal, fecal transplant samples, respectively. A total of 180 fecal, 46 cecal, and 

170 fecal transplant samples were used for downstream analysis. 

  

Correlation analysis between gut microbiota and metabolic phenotypes or 

fructose signature genes 

Correlation analysis was performed between the relative abundance or proportion of 

microbiota with metabolic phenotypes including body weight, adiposity, and area under 

the curve (AUC) for glucose tolerance. Microbiota proportion was also correlated with 

differentially expressed genes in response to fructose consumption, or “fructose 

signature genes”, in hypothalamus, liver, and adipose tissue. The fructose signature 

genes correlated with bacterial abundance were classified for their biological functions 

in Gene Ontology, REACTOME, and KEGG using the GSEA tool (19). 

  

Antibiotics treatment prior to fecal transplant or Akkermansia colonization 
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Six-week old B6 or DBA recipient mice were orally gavaged with a solution of 

vancomycin (50 mg/kg), neomycin (100 mg/kg), and metronidazole (100 mg/kg) twice 

daily for 7 days. Ampicillin (1 mg/mL) was provided ad libitum in drinking water (20). 

Antibiotics-treated mice were housed in sterile cages with sterile water and food 

throughout the experiment. Following antibiotics treatment, mice were used for fecal 

transplant or Akkermansia colonization, as described below. 

  

Fecal transplant between B6 and DBA mice 

Reciprocal fecal transplant between B6 and DBA mice was conducted, designated as 

B6(DBA) for B6 mice receiving DBA feces, and DBA(B6) for DBA mice receiving B6 

feces. DBA mice that were transplanted with DBA feces, designated as DBA(DBA), and 

B6 mice that were transplanted with B6 feces, designated as B6(B6), served as control 

groups. Fecal transplant was performed according to previous studies with some 

modification (21,22). Briefly, freshly collected feces were pooled from 4 donor mice and 

suspended at 40mg/mL concentration in anaerobic PBS. The suspension (150 μL) was 

orally gavaged to the recipient mice for 4 weeks. Total time between collecting feces 

and delivery of microbial contents into recipients was kept as short as possible (< 15 

min) to protect anaerobes. After 1 week of fecal transplant, mice from each of the four 

transplant experiments, namely B6(DBA), B6(B6), DBA(B6), DBA(DBA), were divided 

into two groups and treated with 8% fructose or regular water for 12 weeks (n = 7-14 

mice/group). Body weight and IPGTT were measured using the methods described 

previously (5). 
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Akkermansia colonization in DBA mice 

Akkermansia colonization was conducted according to Olson et al. (20). Antibiotics-

treated DBA mice were orally gavaged with 200 μL bacterial suspension (5 x 109 cfu/mL 

in anaerobic PBS) throughout the experiment. After 1 week of bacterial gavage, DBA 

mice were treated with 8% fructose or regular water for 8 weeks (n = 10-14/group). DBA 

mice receiving anaerobic PBS served as control (n = 8-10/group). Body weight and 

IPGTT were measured as described previously (5). 

  

Statistical analysis 

The microbiota data was summarized into relative abundance by taxonomic level in 

QIIME, and  communities were visualized with principal coordinates analysis (PCoA) 

based on the weighted UniFrac distance measure  (23). Categorical groups (treatment, 

time, mouse strain) were confirmed to have similar multivariate homogeneity of group 

dispersions to allow them to be compared using the non-parametric PERMANOVA 

(permutational multivariate analysis of variance) test with the adonis function (24). 

Microbial composition was analyzed at the phylum, family, and genus taxonomic levels 

using the Statistical Analysis of Metagenomic Profiles (STAMP) software (25). 

         Linear discriminant analysis (LDA) effect size (LEfSe) was used to identify taxa 

differentially represented between three mouse strains using standard parameters (P < 

0.05, LDA score > 2.0) (26). Using the identified features from the LEfSe analysis, we 

selected six fecal genera which showed contrasting patterns in their baseline levels 

between DBA and the other two mouse strains, B6 and FVB. To visualize the baseline 

differences of these six genera between the three mouse strains, boxplots were plotted 
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using centered log-ratio (CLR) transformed from OTU counts. The difference between 

strains was assessed using a one-way ANOVA followed by Sidak’s post hoc test. 

Because Turicibacter was not normally distributed, the difference between strains was 

analyzed by Kruskal-Wallis test followed by Dunn’s test. 

         Taxa that differed between the fructose and regular water groups were identified 

using White’s non-parametric T-test (27), followed by Storey’s false discovery rate 

(FDR) estimation using relative abundance data and the Statistical Analysis of 

Metagenomic Profiles (28). A one-way ANOVA followed by Sidak’s post hoc test was 

used to determine the difference in Firmicutes/Bacteroidetes (F/B) ratio between three 

mouse strains. F/B ratio was calculated by dividing the proportion of Firmicutes and 

Bacteroidetes for each sample, and log-transformed to achieve normal distribution. 

Correlation between gut microbiota and metabolic phenotypes or fructose signature 

genes from individual tissues, was assessed using Biweight midcorrelation (bicor) (29). 

Statistical P-values were adjusted using the Benjamini-Hochberg approach and FDR < 

0.05 was considered significant. 

To analyze body weight gain and glucose tolerance data involving multiple time points 

in fecal transplant and Akkermansia colonization experiments, a three-way repeated-

measures ANOVA followed by Sidak’s post hoc test was used. The effects and 

interaction of three factors (microbial manipulation, fructose, time) on the metabolic 

phenotypes were tested. 

To evaluate the effects of fructose under each unique microbiota manipulation (e.g., 

within Akkermansia-colonized groups or within B6 mice transplanted with DBA microbe) 

across multiple time points, a two-way repeated-measures ANOVA was used. Fructose 
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treatment was used as the between-group factor and time was used as the within 

subject factor. To assess the effect of a given microbiota manipulation under fructose 

treatment across multiple time points, a two-way repeated-measures ANOVA was used. 

Microbiota manipulation was used as the between-group factor and time was used as 

the within subject factor. If the interaction was significant, microbiota manipulations 

within each time point were compared by Sidak’s post hoc test. Statistical analyses 

were performed using STATISTICA (version 7, Statsoft Inc., Tulsa, OK) and GraphPad 

Prism (version 8, GraphPad Software Inc., San Diego, CA). Data were expressed as 

means ± SEM. P < 0.05 was considered statistically significant. 

  

Results 

Strain-specific metabolic responses to fructose treatment 

We have previously reported that B6, DBA, and FVB mice demonstrated striking 

differences in their metabolic responses to 8% fructose treatment for 12 weeks (5). DBA 

mice were more sensitive to fructose in terms of obesity and diabetes-related 

phenotypes including body weight, adiposity, and glucose intolerance. In contrast, B6 

mice showed significant increases while FVB mice had decreases in plasma cholesterol 

levels. These results demonstrate strong inter-strain variability in fructose response in 

genetically divergent mice. Importantly, the disparate metabolic responses were not due 

to differences in overall energy intake (14.63 ± 0.38, 17.85 ± 0.88, or 18.02 ± 0.40 

Kcal/mouse/day for B6, DBA, or FVB, respectively) (5). The differences in metabolic 

responses (DBA > B6 or FVB) also did not correlate with the amount of fructose water 

intake [FVB (23.62 ± 1.36 mL/mouse/day) > B6 (8.74 ± 0.19 mL/mouse/day) or DBA 
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(8.47 ± 0.39 mL/mouse/day)] (5), with the latter more likely driven by differences in 

fructose perception and preference between the mouse strains (6,30). 

  

Overall effects of fructose on gut microbiota community 

The gut microbiota in the three mouse strains was assessed using 16S rRNA 

sequencing. PCoA plots showed distinct clusters determined by mouse strain for both 

the cecum (P < 0.001 by PERMANOVA, Figure 1A) and the fecal samples (P < 0.001, 

Figure 1B). Time was also a significant factor in fecal samples (P < 0.001), with week 12 

separating from the earlier weeks evaluating all mouse strains (Figure 1C) and within 

each individual mouse strain (Figure 1D-F). 

Fecal microbiota differences were seen between fructose and water groups at 12 weeks 

in B6 (P = 0.001 by PERMANOVA, Figure 1G) and DBA mice (P = 0.046, Figure 1H) 

but not in FVB (P = 0.58, Figure 1I). In cecum, the fructose group showed separation 

from controls for B6 mice (Figure 1J), however, the separation was not statistically 

significant with PERMANOVA (P = 0.43). This result may be influenced by the 

difference in multivariate spread (P = 0.038) since PERMANOVA assumes equal 

dispersion. Fructose treatment was a significant factor for cecal microbiota composition 

in DBA (P = 0.002, Figure 1K), but not for FVB (P = 0.44, Figure 1L). Overall, consistent 

with the differential effects of fructose on metabolic phenotypes, DBA gut microbiota in 

both feces and cecum was sensitive to fructose treatment.  

  

Baseline differences in gut microbiota between mouse strains show correlation 

with host metabolic phenotypes          
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Differences in baseline microbial composition can drive distinct host responses to the 

same dietary manipulation (31,32). At the phylum level, there was no significant 

difference in cecum Firmicutes/Bacteroidetes (F/B) ratio between three mouse strains 

(Figure 2A). However, in fecal samples, DBA had significantly higher F/B ratio (1.78 ± 

0.17) than B6 (0.35 ± 0.24, P < 0.001 by one-way ANOVA) or FVB (0.90 ± 0.09, P < 

0.001) (Figure 2B), agreeing with the known association of higher Firmicutes 

abundance with obesity (33) and the increased adiposity in DBA (5). The microbial taxa 

that accounted for the greatest differences between the three mouse strains included 21 

cecal (Supplemental Figure 2A, B) and 14 fecal (Supplemental Figure 2C, D) microbial 

genera based on the LEfSe analysis. 

         We reasoned that if any specific microbial taxon determines the differential 

fructose response between the mouse strains, its abundance likely shows contrasting 

patterns between the susceptible strain DBA and the two resistant strains. Out of 21 

cecal genera (Supplemental Figure 2B), none showed contrasting patterns between 

DBA and the two resistant strains. Out of the 14 fecal genera (Supplemental Figure 2D), 

6 showed distinct patterns in DBA mice compared to the resistant strains (Figure 2C-H). 

DBA mice showed higher centered log-ratio (CLR) abundance for Lactobacillus, 

unknown bacteria of order Clostridiales, and unknown bacteria of family 

Lachnospiraceae compared to B6 and FVB. On the other hand, DBA mice had lower 

CLR abundance for unknown bacteria of family S24-7, Akkermansia, and Turicibacter. 

To understand the potential role of these microbial taxa in metabolic regulation, 

correlation was tested between the proportion of these taxa and adiposity gain across 

strains, and all were significantly correlated with adiposity gain (P < 0.05) (Figure 2I-N). 
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Fructose-responsive microbiota and correlation with host metabolic phenotypes      

    

Next, we explored the differentially abundant microbiota between fructose and water 

group in the three mouse strains at week 12. We observed more fructose responsive 

microbiota in feces (11 taxa) compared to cecum samples (1 taxon) across mouse 

strains at family level (Table 1). 

         In feces, fructose treatment had the highest impact on B6 microbiota (nine 

families and three genera). Significant decreases were observed in five taxa belonging 

to phylum Firmicutes. There were also significant increases in S24-7 of phylum 

Bacteroidetes and Verrucomicrobiaceae.  At the genus level, Akkermansia showed a 

significant increase which has demonstrated anti-obesity effect and improved insulin 

sensitivity. In DBA feces, fructose altered the abundance of Rikenellaceae and 

Pseudomonadaceae, and their genera. These two families were also found to be 

fructose responsive in B6 mice, however, the response was more dramatic in DBA mice 

(0.37 and 33.33 fold changes in DBA compared with 0.62 and 3.33 fold changes in B6 

for Rikenellaceae and Pseudomonadaceae, respectively). No fecal microbial taxa were 

significantly altered by fructose in FVB mice (Table 1; Supplemental Figure 3A, B). In 

DBA cecum, family Erysipelotrichaceae and its two genera (Clostridum and an unknown 

genus), and Anaerostipes were all significantly decreased by fructose. Fructose also 

significantly increased cecal Bifidobacterium in FVB mice, while no cecal taxa were 

significantly changed in B6 mice (Table 1; Supplemental Figure 3C, D). 
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We next correlated the abundance of these fructose-responsive taxa with metabolic 

phenotypes in water or fructose-treated mice. In DBA mice, cecal Erysipelotrichaceae 

was negatively correlated with adiposity and AUC (Supplemental Figure 4A, B). Fecal 

Rikenellaceae in DBA mice showed negative correlation with body weight and adiposity, 

and positive correlation with AUC in the fructose group, while no significant correlation 

was observed with these phenotypes in the water group (Figure 3A-F). No phenotypic 

correlation was observed for the fructose-responsive taxa in B6 and FVB mice, which is 

not surprising given the weaker phenotypic alterations in these mouse strains in 

response to fructose consumption. 

  

Correlation of fructose-responsive microbiota with fructose signature genes in 

host metabolic tissues 

We then analyzed the correlation between the abundance of fructose-responsive 

microbiota and the host fructose signature genes in liver, adipose tissue, and 

hypothalamus (5). We observed distinct correlation patterns in the three mouse strains: 

the B6 fructose-responsive taxa were correlated with only hypothalamic fructose 

signature genes, while the fructose-responsive taxa in DBA cecum or feces were 

correlated with only liver or adipose tissue signature genes, respectively (summary in 

Table 2; full list of genes correlated with fructose-responsive taxa in Supplemental 

Table 1).  

         In B6, Dehalobacterium showed positive correlation with hypothalamic genes 

encoding the neurotransmitter transporter Slc6a3, a notch signaling component Nrarp, 

and an autophagy gene Atg3. Akkermansia was correlated with several 
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neurotransmitter related genes, including Oxt encoding precursor of 

oxytocine/neurophysin 1 and Th encoding tyrosine hydroxylase. In DBA cecum, both 

Anaerostipes and Clostridium were positively correlated with Cyp8b1 in liver, which is 

responsible for bile acid synthesis (34). In DBA feces, all fructose-responsive taxa were 

correlated with host signature genes of the adipose tissue, and these genes were 

involved in lipid metabolism, immune system, response to lipid, cytokines, and hormone 

(Supplemental Table 2). Adipose genes such as Abhd3, Msr1, Ccr1, Creb, and Fas 

were correlated with Rikenellaceae and Pseudomonadaceae as well as genera within 

these families (Table 2; Supplemental Table 2). Taken together, these correlations 

suggest that gut microbiota may interact with host genes in a mouse strain- and tissue-

specific manner in response to fructose. 

  

Alteration of gut microbiota modulates fructose response 

Since B6 and DBA mice showed disparate metabolic responses to fructose, we tested 

whether B6 microbiota confers resistance and DBA microbiota confers vulnerability to 

fructose effects by transplanting B6 feces to antibiotics-treated DBA mice and vice 

versa (Figure 4A). Using 16S rRNA sequencing, we confirmed that the recipient mice 

gut microbiome shifted after fecal transplantation (Supplemental Figure 5A, B). 

When the main effects of FMT, fructose, and time were tested, there were significant 

FMT effects on weight gain in both B6 (P < 0.001, Figure 4B) and DBA mice (P = 

0.0015, Figure 4C), but there was no effect of FMT on glucose tolerance in both mouse 

strains (Figure 4D, E). Overall, there was a significant fructose effect on weight gain in 

DBA mice (P = 0.025; Figure 4C), which was not observed in B6 mice (Figure 4B). 



 
358 

 
 
 
 

Under fructose treatment, body weight gain in DBA mice receiving B6 bacteria 

[DBA(B6)] was significantly lower compared to DBA(DBA) at 4 (P < 0.05), 6, and 8 

weeks (P < 0.001). In contrast, there was no significant fructose effect in B6 mice 

receiving DBA bacteria [B6(DBA)] or in B6(B6) mice (Figure 4B).  These results suggest 

that DBA microbiota failed to induce fructose sensitivity in B6 mice. On the other hand, 

DBA(B6) mice no longer display fructose-induced weight gain (fructose effect P = 0.66) 

as seen in DBA(DBA) mice (fructose effect P = 0.047, Figure 4C), supporting that B6 

microbiota conferred resistance to body weight gain upon fructose consumption. 

The result from FMT experiment supports a causal role of B6 microbiota in conferring 

fructose resistance to DBA. We next focused on prioritizing the potential microbes in B6 

that may determine the fructose resistance phenotype. Akkermansia was found to be a 

highly plausible candidate to explain the dampened response to fructose in B6 for the 

following reasons. First, Akkermansia has been previously demonstrated to carry anti-

obesity and insulin sensitizing effects (32,35,36). The beneficial effect of Akkermansia 

was also previously observed in mice fed a high-fat/high-sucrose diet (37). Secondly, it 

was depleted in the vulnerable strain DBA but was highly abundant in both resistant 

mouse strains, B6 and FVB (Figure 2G). Thirdly, fructose treatment caused an increase 

in Akkermansia in B6 mice (Table 1; Supplemental Figure 3A). Lastly, Akkermansia 

abundance in B6 is significantly correlated with a large number of hypothalamic genes 

such as Oxt and Th that regulate metabolism (Table 2; Supplemental Table 1). 

         To test the role of Akkermansia in protecting against fructose-induced metabolic 

dysregulation as predicted above, we gavaged DBA mice with Akkermansia muciniphila 

(AM) or PBS media along with fructose treatment for 8 weeks (Figure 5A). There were 
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significant effects of AM on both body weight gain (P < 0.001) and glucose tolerance (P 

< 0.001) (Figure 5B, C). Under fructose treatment, significantly lower weight gains were 

observed in DBA mice receiving Akkermansia [DBA(AM)] at 3 (P < 0.05) and 5-8 weeks 

(P < 0.001) compared to DBA(PBS), while no effect was seen under water treatment 

(AM effect P = 0.14). Within AM or PBS group, fructose had significant effects on body 

weight gain in control group [DBA(PBS)] (P = 0.037), whereas DBA mice receiving AM 

[DBA(AM)] no longer display fructose-induced body weight gain as seen in DBA(PBS) 

mice (Figure 5B). Furthermore, DBA(AM) mice significantly improved glucose 

intolerance compared with DBA(PBS) mice (fructose effect, P = 0.035) upon fructose 

treatment (Figure 5C). These results support that Akkermansia confers resistance to 

fructose-mediated metabolic dysregulation. 

  

Discussion 

Our previous study showed that three mouse strains representing a range of genetic 

diversity differed in their metabolic and transcriptomic responses to high fructose 

treatment (5). Since gut microbiota is an important modulator of metabolic capacity (7), 

here we tested the hypothesis that disparate fructose responses among mouse strains 

were at least partially driven by the gut microbiota. Our 16S rRNA sequencing analysis 

revealed that baseline microbiota composition and its response to fructose varied by 

mouse strains. Fecal transplant data supports that B6 mice carry microbiota that confers 

resistance to fructose-induced body weight gain. We next prioritized Akkermansia as a 

candidate taxon to explain the dampened response to fructose in B6 mice, which are 

enriched with Akkermansia, in comparison to DBA mice, which show depletion of 
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Akkermansia. Indeed, gavaging Akkermansia muciniphila to DBA mice mitigated 

fructose-induced obesity and glucose intolerance. These results support a causal role of 

gut microbiota in determining the differential metabolic responses to fructose among 

genetically diverse mouse strains. 

 As initial colonizing microbial species are important for establishing a favorable 

environment for bacterial growth in a particular context (38), differences in baseline 

microbial composition between mouse strains can lead to variations in the metabolic 

processes of individuals in response to diet (31,32). We found that Akkermancia, 

Turicibacter, and S24-7 were almost depleted in DBA mice but were abundant in B6 

and FVB mice, whereas Lactobacillus, Clostridiales and Lachnospiraceae were at 

higher baseline levels in DBA mice. Previously, Akkermansia has been associated with 

obesity resistance and improved metabolic parameters in humans and mice, and 

beneficial effects of dietary interventions have been associated with the higher 

abundance of Akkermansia at baseline (32,36). S24–7 has protective association 

against diabetes whereas Lachnospiraceae promotes pathogenesis of diabetes in NOD 

mice (39).  The observed lack of protective Akkermansia and S-24, along with the 

higher abundance in pathogenic Lachnospiraceae in DBA mice, agrees with the 

vulnerability of DBA mice to fructose-induced metabolic dysregulation. Therefore, these 

bacterial taxa that differ significantly at baseline between strains have the potential to 

regulate the differential response to fructose treatment.  

         In addition to differences in baseline microbes that can explain inter-mouse strain 

variability, bacteria altered by fructose may also play a role in the variability in metabolic 

responses to fructose. It has been suggested that fructose shifts the gut microbiota and 
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leads to a westernized microbiome acquisition with altered metabolic capacity, resulting 

in development of obesity or metabolic disorders (40). In our study, we found various 

microbes with significantly altered abundances in DBA and B6 but not FVB, which may 

relate to their differential sensitivity to fructose. Cecal Erypsipelotricaceae and 

Anaerostipes in DBA mice decreased in abundance upon fructose consumption (Table 

1; Supplemental Figure 3), and they are known as butyrate-producing bacteria (41). 

Butyrate promotes the intestinal barrier development, and decreased butyrate 

production can increase intestinal permeability (42). In both the B6 and DBA feces, we 

also detected decreased abundance of Rikenellaceae and increased abundance of 

Pseudomonadaceae following fructose treatment (Table 1). Increases in 

Pseudomonadaceae and Pseudomonas were previously found in obese individuals with 

higher insulin resistance (43).  Therefore, despite the numerous differences between B6 

and DBA, there were shared microbial changes in response to fructose consumption. 

The weaker phenotypic responses in B6 can be a result of compensatory balancing 

effects of higher abundances of beneficial bacteria such as Akkermansia and S24-7 in 

B6. 

We detected more fructose-responsive microbiota in B6 mice than in DBA and FVB 

mice (Table 1), and, interestingly, most of these B6 taxa were associated with the 

hypothalamic genes responsive to fructose (Table 2; Supplemental Table 1). Among 

them are genes that are important for energy homeostasis such as Nrarp, Qxt, and Th. 

Nrarp encodes an intracellular component of the Notch signaling pathway and regulates 

differentiation of mouse hypothalamic arcuate neurons responsible for feeding and 

energy balance. Dysregulation of this homeostatic mediator underlies diseases ranging 
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from growth failure to obesity (44). Qxt encodes oxytocin which is the anorexigenic 

peptide. Oxytocin maintains homeostasis in feeding-related behavior (45). Th gene 

encodes tyrosine hydrogenase (TH). Hypothalamic arcuate nucleus TH neurons play a 

role in energy homeostasis, and  silencing of TH neurons reduces body weight (46). Our 

previous study (2) reported fructose as a powerful inducer of genomic and epigenomic 

variability with the capacity to reorganize gene networks critical for central metabolic 

regulation and neuronal processes in the hypothalamus. The current study suggests 

that fructose-induced changes in hypothalamic gene expression in B6 mice could be 

partly via fructose-responsive gut microbiota. 

In contrast to B6, fructose responsive microbiota in DBA was more associated with lipid 

and inflammatory genes in the adipose tissue (Table 2; Supplemental Table 2). Abhd3 

is a crucial factor for insulin resistance in adipose tissue (47); Sema3e contributes to 

inflammation and insulin resistance in obese mice (48); Msr1 is macrophage scavenger 

receptor 1 and provides protection from excessive insulin resistance in obese mice (49); 

Creb promotes expression of transcriptional factors of adipogenesis and insulin 

resistance in obesity (50); Fas contributes to adipose tissue inflammation, hepatic 

steatosis, and insulin resistance induced by obesity (51). Therefore, these adipose-

tissue genes correlating with fructose-responsive bacteria in DBA are relevant to the 

increased adiposity and compromised insulin sensitivity seen in DBA mice. However, 

we acknowledge that the correlative relationship observed here does not directly imply 

causation, and future experiments are needed to directly test the causal role of the 

genes as well as the bacteria implicated. 
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Our fecal transplant study support that B6 mice carry gut microbes that confer 

resistance to fructose-induced metabolic syndrome, while DBA microbiota did not 

significantly induce fructose sensitivity in B6 mice. We further demonstrate that 

Akkermansia partially mediates the protective effect of B6 microbiota. This is the first 

time that Akkermansia is implicated in determining fructose response. Given the 

recognized therapeutic potential of modulating the gut microbiota (8), probiotic 

treatment with Akkermansia may represent a viable approach to mitigate fructose-

induced metabolic abnormalities. In addition to Akkermansia, other microbes may also 

play a role in modulating the differential fructose response between individuals. Future 

efforts testing the pathogenic or protective role of other individual bacteria revealed, 

such as Lactobacillus, Turicibacter, or Pseudomonas, are warranted. 

In summary, our multi-strain, multi-omics (gut microbiome, transcriptome, and 

phenome) integrative studies of inter-individual variability in fructose-induced metabolic 

syndrome established a causal role of gut microbiota in modulating host responses to 

fructose, a significant metabolic risk in modern societies. Importantly, our study 

identified key microbial species that may serve as preventative or therapeutic targets for 

metabolic syndrome. By exploring gut-host interactions, our studies also open 

numerous hypotheses regarding specific microbiota-host interactions to be further 

elucidated in the future.      
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Figure legends 
  

Figure 1. Principal coordinates analysis (PCoA) of cecal and fecal microbiota of 

B6, DBA, and FVB mice consuming fructose or regular water. Samples grouped 

separated by the 3 strains in both cecum (A; n = 16/strain) and feces communities (B; n 

= 64/strain), but time also influenced fecal communities (C). Plot C is the same 

ordination as Plot B, but PC3 is presented as the x-axis to demonstrate the relationship 

with time. Time is overlaid on the individual strain ordinations of fecal samples from B6 

(D), DBA (E), and FVB (F), and the same plots were overlaid with the fructose treatment 

for B6 (G), DBA (H), and FVB (I) strains. Samples within the dotted circles are for the 

12-week time point, and the associated P-values refer to the differences between 

treatments only during the 12-week time point. Cecal plots at 12 weeks show the 

fructose treatment for B6 (J), DBA (K), and FVB (L).  P-values were generated by 

PERMANOVA after testing for homogeneity of variances for unequal group dispersion. 

P-values with an asterisk designate significantly different dispersions, and therefore the 

results may be influenced by this. Percent variance explained by axes is shown in 

parentheses. Various colors represent different mouse strains, time points, or treatment 

groups. The significant P values were presented in bold. A, J-L are from cecum, and B-I 

are fecal samples. 

  

Figure 2.  Cecal and fecal baseline microbial composition in B6, DBA, and FVB 

mice and correlation with adiposity gain. Taxa bar plots of baseline cecal (A) and 
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fecal (B) microbiota of three mouse strains at the phylum level. Baseline abundance 

profiles for specific fecal microbiota of three mouse strains at the genus level (C-H). 

Centered log-ratio (CLR) values were used for plotting the abundance of each 

microbiota. Box and whiskers plots from minimum to maximum showing abundance 

distribution of Lactobacillus (C), unknown genus of Clostridiales (D), unknown genus of 

Lachnospiraceae (E), unknown genus of S24-7 (F), Akkermansia (G), Turicibacter (H). 

The center line denotes the median value. One-way ANOVA followed by Sidak’s post 

hoc test was conducted to calculate significant differences between three mouse 

strains. Labeled means without a common letter differ, P < 0.05. n = 7-8/group. (I-N) 

Correlation analysis plots between microbiota baseline proportion and adiposity gain at 

12 week. r = Biweight midcorrelation (bicor) coefficient, P = Benjamini-Hochberg 

adjusted P-values. n = 7-8/mouse strain. 

  

  

Figure 3. Correlation analysis of fructose-responsive microbiota with metabolic 

phenotypes in DBA mice. Plots showing correlation of Rikenellaceae proportion to 

body weight (A, D), adiposity (B, E), and glucose tolerance AUC (C, F) across time 

points with or without fructose treatment in DBA mice. Water (A-C) or fructose (D-F) 

groups were analyzed separately. r = Biweight midcorrelation (bicor) coefficient, P = 

Benjamini-Hochberg adjusted P-values. n = 7-8/group/time point.  

  

Figure 4. Metabolic phenotypes post fecal transplant in B6 and DBA mice with or 

without fructose consumption. Schematic design of fecal microbiota transplant (FMT, 
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A). Body weight gains (B, C) and glucose tolerance (D, E) of recipient B6 and DBA 

mice, respectively, with or without 8% fructose water. Data are presented as means ± 

SEM. (B-E) The significant effects of main factors and the interactions by three-way 

repeated-measures ANOVA are shown on the top of the graph with respective P-

values. (C) Asterisks indicate time points at which significant differences were found 

between DBA(DBA) and DBA(B6) under fructose treatment based on two-way 

repeated-measures ANOVA with Sidak’s post hoc test; *P < 0.05, **P < 0.01. Fructose 

effects within each FMT group across time points were assessed by two-way repeated-

measures ANOVA, and significant fructose effect is indicated with P-values with side 

bar in (C) for DBA(DBA) water vs. fructose. B6(B6), B6 mice receiving B6 feces; 

DBA(DBA), DBA mice receiving DBA feces; B6(DBA), B6 mice receiving DBA feces; 

DBA(B6), DBA mice receiving B6 feces. n = 7-14/group. 

 

Figure 5. Metabolic phenotypes post Akkermansia colonization in DBA mice with 

or without fructose consumption. Schematic design of Akkermansia (AM) 

colonization (A). Body weight gains (B) and glucose tolerance (C) of recipient DBA mice 

with or without 8% fructose water. Data are presented as means ± SEM. The significant 

effects of main factors and the interactions by three-way repeated-measures ANOVA 

are shown on the top of the graph with respective P-values. Asterisks indicate time 

points at which significant differences were found between DBA(PBS) and DBA(AM) 

under fructose treatment based on two-way repeated-measures ANOVA with Sidak’s 

post hoc test; *P < 0.05, **P < 0.01. Fructose effects within each group [DBA(PBS) or 

DBA(AM)] across time points were assessed by two-way repeated-measures ANOVA, 
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and significant fructose effects are indicated with P-values with a side bar between 

water and fructose groups in DBA(PBS) (B, C). DBA(PBS), DBA mice receiving PBS; 

DBA(AM), DBA mice receiving AM. n = 8-14/group. 

  
  
  
  
  
 

  
 

Table 7. Differentially abundant microbiota between fructose and water groups in 

cecal and fecal samples of B6, DBA, and FVB mice. 

  
Mouse 
strain 

Taxonomic 
level 

Source Fructose-responsive microbiota Fold 
change 

  

DBA Family Cecum Erysipelotrichaceae 0.055* 

B6 Family Feces Rikenellaceae 0.620* 

 Family Feces S24-7 1.189* 

 Family Feces Dehalobacteriaceae 0.600* 

 Family Feces Lachnospiraceae 0.590* 

 Family Feces Mogibacteriaceae 0.333* 

 Family Feces Ruminococcaceae 0.706* 

 Family Feces Turicibacteraceae 0.348* 

 Family Feces Pseudomonadaceae 3.333* 
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 Family Feces Verrucomicrobiaceae 7.250** 

DBA Family Feces Rikenellaceae 0.374* 

 Family Feces Pseudomonadaceae 33.33* 

DBA Genus Cecum Erysipelotrichaceae (Unknown genus) 0.004* 

 Genus Cecum Erysipelotrichaceae Clostridium 0.009** 

 Genus Cecum Lachnospiraceae Anaerostipes 0.025** 

FVB Genus Cecum Bifidobacteriaceae Bifidobacterium 16.500* 

B6 Genus Feces Dehalobacteriaceae Dehalobacterium 0.600* 

  Genus Feces Mogibacteriaceae (Unknown genus) 0.333* 

  Genus Feces Verrucomicrobiaceae Akkermansia 7.271** 

DBA Genus Feces Rikenellaceae (Unknown genus) 0.374* 

  Genus Feces Pseudomonadaceae (Unknown genus) 60.000* 

  Genus Feces Pseudomonadaceae Pseudomonas 28.000* 

1Fold change is calculated as the ratio of the relative abundance of microbiota between fructose 
and water groups (fructose/water). n=8/group/mouse strain, *FDR < 0.05, **FDR < 0.01. 
  
  
  
  
  
 

Table 2. Correlation between fructose-responsive microbiota and host fructose signature 
genes in three metabolic tissues in B6 and DBA mice. 
M
ou
se 
str

Fructose-responsive 
microbiota 

H
os
t 
tis

No. 
corr
elat
ed 

Correlation with host fructose-responsive 
genes 
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ai
n 

su
e 

Ge
ne 
at 
FD
R 
<0.
05 

  Top correlated 
genes 

Over-represented 
pathways 

  
 
B6 
(fe
ce
s) 
  
  
  
  
  
  
  
  
  

    

Rikenellaceae                                                                                                           Hy
po 

37 Emg1, Rpl37a, 
Oat, Gna13, 
Ctsz 

RNA metabolism, 
Protein localization in 
endoplasmic reticulum, 
Ribosome, Amino acid 
metabolism, Influenza 
infection 

S24-7 Hy
po 

11 Numbl, Cxx1c, 
Gnb2, 
1500009L16Rik
, Slc25a17 

  

Dehalobacteriaceae Hy
po 

7 Atp2b2, 
Slc6a3, Nefh, 
Nrarp, Hint2 

 

Dehalobacterium Hy
po 

42 Atp2b2, 
Slc6a3, Nefh, 
Nrarp, Atg3, 

Ribosome, Response to 
alcohol, Blood 
circulation, Dopamine 
biosynthesis, 
Locomotory behavior 

Lachnospiraceae Hy
po 

2 Maneal, Rbm39   

Mogibacteriaceae Hy
po 

54 Mogs, Snrpe, 
Nrarp, Timp3, 
Sgsm1 

Ribosome, Metabolism 
of proteins, RNA, 
organonitrogen 
compound, Protein 
targeting to membrane 
metabolism 

Mogibacteriaceae (Unknown 
genus) 

Hy
po 

130 Mogs, Psmb4, 
Derl1, Timp3, 
Sdcbp 

Ribosome, Metabolism 
of protein, RNA, Protein 
localization to 
endoplasmic reticulum, 
Signaling by robo 
receptors 
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Ruminococcaceae Hy
po 

12 Trappc2l, Gnb2, 
Uck1, Mid1ip1, 
Itm2a 

  

Pseudomonadaceae Hy
po 

2 Cxx1c, Numbl   

Verrucomicrobiaceae Hy
po 

13 Scarna2, 
AW209491, 
Gja1, Rps9, Th, 

Ribosome, Protein 
localization to 
endoplasmic reticulum, 
mRNA activation  

Akkermansia Hy
po 

44 Gja1, Rps9, Th, 
Bmp7, Oxt 

Ribosome, Protein 
localization to 
endoplasmic reticulum, 
Selenoamino acid 
metabolism, Influenza 
infection, Signaling by 
robo receptors 

  
 
D
B
A 
(c
ec
u
m) 
  

    

Erysipelotrichaceae (Unknown 
genus) 

Li
ve
r 

5 Gsdmd, 
Wdr82, 
Tmem62, 
S100a10, 
Pgk1, 

  

Erysipelotrichaceae Clostridum Li
ve
r 

5 Epha2, 
Mad2l2, 
Cyp8b1, Ero1l, 
Pus10 

  

Lachnospiraceae Anaerostipes Li
ve
r 

4 Rogdi, 
Cyp8b1, 
Mad2l2, 
Baiap2 

  

  
 
D
B
A 
(fe
ce
s) 
  
  

    

Rikenellaceae Ad
ip
os
e 

447 Ccr1, Sema3e, 
Msr 1, Abhd3, 
Fas, 

RNA metabolism, 
Response to lipid, 
cytokines, bacterial 
molecule, Lipid 
metabolism, Immune 
system, Endocytosis 

Rikenellaceae (Unknown 
genus) 

Ad
ip

432 Ccr1, Apobec1, 
Sema3e, 
Creb1, Fas 

RNA metabolism, 
Response to lipid, 
cytokines, bacterial 
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os
e 

molecule, Lipid 
metabolism, Immune 
system, Signaling 
pathway 

Pseudomonadaceae Ad
ip
os
e 

77 Sfrp4, Msr1, 
Sema3e,  
Abhd3, Fas 

 

Pseudomonadaceae 
(Unknown genus) 

Ad
ip
os
e 

209 Creb1, Fabp3, 
Msr1, Sema3e, 
Fas 

RNA processing, 
Response to cytokine, 
lipid, Defense response, 
lipid metabolism, 
Response to hormone 

Pseudomonas Ad
ip
os
e 

43 Ppp1r13b, 
Jmjd1c, Msr1, 
Slc25a10, 
Fabp3 

  

       

  
1Fructose-responsive genes in Hypothalamus (Hypo), Liver, and Adipose which were 
positively or negatively correlated with microbiota were indicated in bold or non-bold 
font, respectively. 
2Top five correlated genes which belong to major gene sets analyzed using GSEA 
software. 
3Sample size n=4-6/group/mouse strain. 
4Full lists of correlated genes are in Supplemental Table 1 and enriched pathways are in 
Supplemental Table 2. 
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Abstract (250 words) 

The mammalian gastrointestinal tract contains a diverse ecosystem of microbial species 

collectively making up the gut microbiome. Emerging evidence highlights a critical 

relationship between gut microbiota and neurocognitive development. Consumption of 

unhealthy yet palatable dietary factors associated with obesity and metabolic 

dysfunction (e.g., saturated fat, added sugar) produces microbiota dysbiosis and 

negatively impacts neurocognitive function, particularly when consumed during early life 

developmental periods. Here we explore whether excessive early life consumption of 

added sugars negatively impacts neurocognitive development via the gut microbiome. 

Using a rodent model of habitual sugar-sweetened beverage (SSB) consumption during 

the adolescent stage of development, we first show that excessive early life sugar 

intake impairs hippocampal-dependent memory function when tested during adulthood 

while preserving other neurocognitive domains. Gut microbiome genomic sequencing 

analyses reveal that early life SSB consumption alters the abundance of various 

bacterial populations, including elevations in operational taxonomic units within the 

genus Parabacteroides (P. distasonis and P. johnsonii) whose abundance negatively 

correlated with memory task performance. Additional results reveal that in vivo 

Parabacteroides enrichment of cultured P. distasonis and P. johnsonii bacterial species 

in adolescent rats severely impairs memory function during adulthood. Hippocampus 

gene pathway enrichment sequencing analyses identify alterations in neurotransmitter 

synaptic signaling, intracellular kinase signaling, metabolic function, neurodegenerative 

disease, and dopaminergic synaptic signaling-associated pathways as potential 
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mechanisms linking microbiome outcomes with memory impairment. Collectively these 

results identify microbiota dysbiosis as a mechanism through which early life unhealthy 

dietary patterns negatively impact neurocognitive outcomes. 
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Introduction 

 

Accumulating evidence across multiple mammalian species substantiates the 

importance of the gut microbiome to neurocognitive development and consequent 

functioning [48, 49]. Early life developmental periods represent critical windows for the 

impact of commensal gut microbes on the brain, as evidenced by the reversal of 

behavioral and neurochemical abnormalities in gnotobiotic “germ free” rodents when 

inoculated with specific pathogen free microbiota during early life, but not during 

adulthood [50, 51] [52]. Dietary factors are a critical determinant of gut microbiota 

diversity and can alter abundances of bacterial populations, as evident from the 

microbial plasticity observed in response to pre- and probiotic treatment, as well as the 

“dysbiosis” resulting from consuming unhealthy, yet palatable foods that are associated 

with obesity and metabolic disorders (e.g., “Western diet”; foods high in saturated fatty 

acids and added sugar) [53]. In addition to producing dysbiosis, consumption of these 

dietary factors also yields long-lasting memory impairments, and these effects are more 

pronounced when consumed during early life developmental periods vs. during 

adulthood [54-56]. Whether dietary-induced changes in specific bacterial populations 

are functionally-related to altered early life neurocognitive outcomes, however, is poorly 

understood. 

 

The hippocampus, which is well known for its role in spatial and episodic memory and 

more recently for regulating learned and social aspects of food intake control [57-62], is 

particularly vulnerable to the deleterious effects of Western dietary factors [63-65]. 
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During the juvenile and adolescent stage of development, a time when the brain is 

rapidly developing, consumption of diets high in saturated fat and sugar [66-68] or sugar 

alone [69-72] impairs hippocampal function while in some cases preserving memory 

processes that do not rely on the hippocampus. While several putative underlying 

mechanisms have been investigated, the precise biological pathways linking dietary 

factors to neurocognitive dysfunction remain largely undetermined [56]. Here we set out 

to determine whether sugar-induced alterations in gut microbiota during early life are 

causally related to hippocampal-dependent memory impairments observed in during 

adulthood. 

 

Early-life sugar consumption impairs hippocampal-dependent memory function 

without affecting other neurocognitive domains 

 

Results from the Novel Object in Context (NOIC) task, which measures hippocampal-

dependent episodic contextual memory function[73], reveal that, while there were no 

differences in total exploration time of the combined objects on days 1 or 3 of the task 

(Fig. 1A,B), animals fed early life sugar solutions had a reduced capacity to discriminate 

an object that was novel to a specific context, indicating impaired hippocampal function 

(Fig. 1C, D). Conversely, when tested in the novel object recognition task (NOR), which 

tests for object recognition memory independent of context and is primarily dependent 

on the perirhinal cortex [73-75], animals fed early life sugar solutions performed similarly 

to those in the control group (Fig. 2E).  
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Elevated anxiety and altered general activity levels may influence novelty exploration 

independent of memory effects and may therefore confound the interpretation of 

behavioral results. Thus, we next tested whether early life sugar consumption affects 

anxiety-like behavior using two different tasks designed to measure anxiety in the rat: 

the elevated zero maze and the open field task, that latter of which also assesses levels 

of general activity [76]. Early life sugar had no effect on time spent in the open area or in 

the number of open area entries in the zero maze (Fig. 1F, G). Similarly, early life sugar 

had no effect on distance travelled or time spent in the center zone in the open field task 

(Fig. 1H, I). Together these data suggest that habitual early life sugar consumption did 

not increase anxiety-like behavior or general activity levels in the rats.  

 

Early life sugar consumption impairs glucose tolerance without affecting total 

caloric intake, body weight, or adiposity 

 

Given that excessive sugar consumption is associated with weight gain and metabolic 

deficits [77], we tested whether access to a sugar solution during the adolescent phase 

of development would affect food intake, body weight gain, adiposity, and glucose 

tolerance in the rat. Early life sugar consumption had no effect on body weight or total 

kcal intake (Fig. 1J, K), which is in agreement with previous findings [69, 78, 79]. 

Animals steadily increased their intake of the 11% sugar solution throughout the study 

but compensated for the calories consumed in the sugar solutions by reducing their 

intake of dietary chow (Supplemental Fig. 1A, B). There were no differences in body fat 

percentage during adulthood (Fig. 1L) or in total grams of body fat or lean mass. 
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However, animals that were fed sugar solutions during early life showed impaired 

glucose metabolism in an intraperitoneal glucose tolerance test (IP GTT) (Fig. 1L, 

Supplemental Fig 1C-E).  

 

Gut microbiota are impacted by early life sugar consumption  

 

Principal component analyses of 16s rRNA sequencing data revealed a separation 

between the fecal microbiome of rats fed early life sugar and controls (Fig. 2A). Results 

from Lefse Analysis show the differentially abundant bacterial taxa in fecal samples that 

were elevated by sugar consumption are the family Clostridiaceae and the genus 02d06 

within Clostridiaceae, the family Mogibacteriaceae, the family Enterobacteriaceae, the 

order Enterobacteriales, the class of Gammaproteobacteria, and the genus 

Parabacteroides within the family Porphyromonadaceae (Fig. 2B-D). In addition to being 

elevated in the animals fed early life sugar, abundance of the genus Parabacteroides 

also negatively correlated with performance scores in the NOIC memory task (r2=0.53, 

P=0.0002; Fig. 2E). Within Parabacteroides, levels of three operational taxonomic units 

(OTUs) that were elevated by sugar significantly correlated negatively with performance 

in the NOIC task, two of which were identified as P. johnsonii and P. distasoni (Fig. 2F). 

Abundance of other bacterial populations that were affected by sugar consumption were 

not significantly related to memory task performance. 

 

There was a similar separation between groups in bacteria analyzed from cecal 

samples (Supplemental Fig. 2A). Lefse results from cecal samples show elevated 
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populations in Bacilli, Actinobacteria, Erysipelotrichi, and Gammaproteobacteria in rats 

fed early life sugar, and elevated Clostridia in the controls (Supplemental Fig. 2B). 

Abundances at the different taxonomic levels in fecal and cecal samples are shown in 

(Supplemental Fig. 3, 4). Regression analyses did not identify these altered cecal 

bacterial populations as being functionally correlated to NOIC memory performance. 

 

Early life Parabacteroides enrichment impairs memory function 

 

To determine whether neurocognitive outcomes due to early life sugar consumption 

could be attributable to elevated levels of Parabacteroides in the gut, we used a recently 

established method [80] to experimentally enriched the gut microbiome of naïve juvenile 

rats with two Parabacteroides OTUs that were increased by sugar consumption and 

were negatively correlated with behavioral outcomes in rats fed early life sugar. P. 

johnsonii and P. distasoni species were cultured individually in anaerobic conditions and 

transferred to a group of young rats in a 1:1 ratio via oral gavage using the experimental 

design described in Methods and outlined in Supplemental Fig. 5A, and from [80]. All 

rats treated with antibiotics showed a reduction in food intake and body weight during 

the initial stages of antibiotic treatment, however, there were no differences in body 

weight between the two groups of antibiotic treated animals at the time of testing 

(Supplemental Fig. 5B, C).  

 

Results from the hippocampal-dependent NOIC memory task showed that while there 

were no differences in total exploration time of the combined objects on days 1 or 3 of 
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the task, indicating similar exploratory behavior, animals that received the 

Parabacteroides transfer showed a significantly reduced discrimination index in the 

NOIC task (Fig 3A-D), indicating impaired performance in hippocampal-dependent 

memory function. When tested in the perirhinal cortex-dependent NOR task [73], 

animals that received Parabacteroides enrichment showed impaired object recognition 

memory as indicated by a reduced novel object exploration index, with no differences in 

total exploration time (Fig 3E). These findings show that unlike sugar-fed animals, 

Parabacteroides enrichment impaired perirhinal cortex-dependent memory processes in 

addition to hippocampal-dependent memory. 

 

Results from the zero maze showed a non-significant trend toward reduced time spent 

in the open arms and a reduced number of open arm entries for the Parabacteroides 

enriched rats (Fig 3F, G), which is indicative of increased anxiety-like behavior. 

However, there were no differences in distance travelled or time spent in the center 

arena in the open field test, which is a measure of both anxiety-like behavior and 

general activity in rodents (Fig. 3H, I). Together these data suggest that 

Parabacteroides enrichment negatively impacted both hippocampal-dependent 

perirhinal cortex-dependent memory function without impacting general activity and with 

only modest effects on anxiety-like behavior. 

 

Similar to a recent report [81], Parabacteroides enrichment in the present study 

impacted body weight and glucose metabolism. Animals who received enrichment of P. 

johnsonii and P. distasoni showed reduced body weight 40 days after the transfer, with 
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significantly lower lean mass and a trend toward reduced fat mass (Fig 3J-L). There 

were no differences in percent body fat between groups, nor were there significant 

group differences in glucose metabolism in the IP GTT (Supplemental Fig. 5D, E).  

 

Early life sugar consumption and Parabacteroides enrichment alter hippocampal 

gene expression profiles 

 

Supplemental Fig 6A shows the results of principal component analyses revealing 

separation based on RNA sequencing data from the dorsal hippocampus of rats fed 

early life sugar compared with controls. Gene pathway enrichment analyses from RNA 

sequencing data revealed multiple pathways significantly affected by early life sugar 

consumption, including four pathways involved in neurotransmitter synaptic signaling: 

dopaminergic, glutamatergic, cholinergic, and serotonergic signaling pathways. 

Additionally, several gene pathways that also varied by group were those involved in 

kinase-mediated intracellular signaling: cGMP-PKG, RAS, cAMP, and MAPK signaling 

pathways (Fig. 4A, Supplemental Table 1). Analyses of individual genes across the 

entire genome using a stringent false-discovery rate criterion further identified 21 genes 

that were differentially expressed in rats fed early life sugar compared with controls, with 

11 genes elevated in rats fed sugar and 10 genes elevated in the controls (Fig 4B). 

Among the genes impacted, several genes that regulate cell survival, migration, 

differentiation, and DNA repair were elevated by early life sugar access, including 

Faap100, which encodes an FA core complex member of the DNA damage response 

pathway [82], and Eepd1, which transcribes an endonuclease involved in repairing 
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stalled DNA replication forks, stressed from DNA damage [83]. Other genes associated 

with ER stress and synaptogenesis were also significantly increased by sugar 

consumption, including Klf9, Dgkh, Neurod2, Ppl, and Kirrel1 [84],[85],[86],[87].  

Several genes were reduced by dietary sugar, including Tns2, which encodes 

tensin 2, important for cell migration [88], RelA, which encodes a NF/kB complex protein 

that regulates activity dependent neuronal function and synaptic plasticity [89], and 

Grm8, the gene for the metabotropic glutamate receptor 8 (mGluR8). Notably, reduced 

expression of mGluR8 receptor may contribute to the impaired neurocognitive 

functioning in animals fed sugar, as mGluR8 knockout mice show impaired 

hippocampal-dependent learning and memory [90]. 

Supplemental Fig 7B shows the results of principal component dorsal 

hippocampus RNA sequencing analyses indicating separation between rats enriched 

with Parabacteroides compared with controls. Gene pathway analyses revealed that 

early life Parabacteroides transfer, similar to effects associated with sugar consumption, 

significantly altered the genetic signature of dopaminergic synaptic signaling pathways. 

Parabacteroides transfer also impacted gene pathways associated with metabolic 

signaling. Specifically, pathways regulating fatty acid oxidation, rRNA metabolic 

processes, mitochondrial inner membrane, and valine, leucine, and isoleucine 

degradation were significantly affected by Parabacteroides enrichment. Other pathways 

that were influenced were those involved in neurodegenerative disorders, including 

Alzheimer’s disease and Parkinson’s disease (Fig. 4D, Supplemental Table 2).  

At the level of individual genes, dorsal hippocampal RNA sequencing data 

revealed that 15 genes were differentially expressed in rats enriched with 
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Parabacteroides compared with controls, with 13 genes elevated in the Parabacteroides 

group and 2 genes elevated in the controls (Fig 4C). Consistent with results from gene 

pathway analyses, several individual genes involved in metabolic processes were 

elevated by Parabacteroides enrichment, such as Hmgcs2, which is a mitochondrial 

regulator of ketogenesis and provides energy to the brain under metabolically taxing 

conditions or when glucose availability is low [91], and Cox6b1, a mitochondrial 

regulator of energy metabolism that improves hippocampal cellular viability following 

ischemia/reperfusion injury [92]. Parabacteroides enrichment was also associated with 

incased expression of Slc27A1 and Mfrp, which are each critical for the transport of fatty 

acids into the brain across capillary endothelial cells [93],[94].  

 

Discussion 

Dietary factors are a key source of gut microbiome diversity [78, 80, 95-97] and 

emerging evidence indicates that diet-induced alterations in the gut microbiota may be 

linked with altered neurocognitive development [80, 97]. Our results identify species 

within the genus Parabacteroides that are both elevated by habitual early life 

consumption of dietary sugar and are negatively associated with hippocampal-

dependent memory performance. Further, targeted microbiome enrichment of 

Parabacteroides perturbed both hippocampal- and perirhinal cortex-dependent memory 

performance. These findings are consistent with previous literature in showing that early 

life consumption of Western dietary factors impair neurocognitive outcomes [55, 56], 

and further suggest that altered gut bacteria due to excessive early life sugar 

consumption may functionally link dietary patterns with cognitive impairment. 
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Gene pathway enrichment analyses from dorsal hippocampus whole genome 

RNA sequencing identified multiple neurobiological pathways that may functionally 

connect gut dysbiosis with memory impairment. Early life sugar consumption was 

associated with alterations in several neurotransmitter synaptic signaling pathways 

(e.g., glutamatergic, cholinergic) and intracellular signaling targets (e.g., cAMP, MAPK). 

A different profile was observed in Parabacteroides-enriched animals, where gene 

pathways involved with metabolic function (e.g., fatty acid oxidation, amino acid 

degradation) and neurodegenerative disease (e.g., Alzheimer’s disease) were altered 

relative to controls. However, gene clusters involved with dopaminergic synaptic 

signaling were significantly influenced by both early life sugar consumption and 

Parabacteroides-enrichment, thus identifying a common pathway through which both 

diet-induced and gut bacterial infusion-based elevations in Parabacteroides may 

influence neurocognitive development. Though differentially expressed genes were 

commonly affected in opposite directions in Parabacteroides enriched animals 

compared with early life sugar treated animals, it is possible that perturbations to the 

dopamine system play a role in the observed cognitive dysfunction. For example, while 

dopamine signaling in the hippocampus has not traditionally been investigated for 

mediating memory processes, several recent reports have identified a role for dopamine 

inputs from the locus coeruleus in regulating hippocampal-dependent memory and 

neuronal activity [98, 99]. Interestingly, endogenous dopamine signaling in the 

hippocampus has recently been linked with regulating food intake and food-associated 
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contextual learning [100], suggesting that dietary effects on gut microbiota may also 

impact feeding behavior and energy balance-relevant cognitive processes. 

 

A recent report showed that a high fructose diet (35% kcal from fructose) 

promotes gut microbiome dysbiosis and neuroinflammation and cell death in the 

hippocampus, yet without impacting cognitive function [101]. One major discrepancy 

between this study and our own was the use of adult vs young animals. Indeed, our 

previous data show that rats are not susceptible to habitual sugar consumption-induced 

learning and memory impairments when the sugar is consumed during adulthood, in 

contrast to effects observed in the present study in which the sugar is consumed during 

early life development [69]. Whether habitual sugar consumption differentially affects 

the gut microbiome when consumed during adolescence vs. adulthood is suggested by 

these findings and by other reports identifying early life critical periods for microbiota 

influences on behavioral and neurochemical endpoints in germ free mice [50, 51] [52]. 

However, the age-specific profile of sugar-associated microbiome dysbiosis and 

neurocognitive impairments remains to be determined. 

 

While our study reveals a strong negative correlation between levels of gut 

Parabacteroides abundance and performance in the hippocampal-dependent contextual 

episodic memory NOIC task, as well as impaired NOIC performance in rats given 

access to a sugar solution during adolescence, sugar intake did not produce 

impairments in the perirhinal cortex-dependent NOR memory task. That early life sugar 

consumption negatively impacts hippocampal-dependent spatial [69] and contextual-
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based learning without influencing NOR performance is consistent with previous reports 

using a cafeteria diet high in both fat content and sugar [102]. On the other hand, 

enrichment of P. johnsonii and P. distasoni OTUs in the present study impaired memory 

performance in both tasks, suggesting a broader impact on neurocognitive functioning 

with this targeted bacterial enrichment approach. 

 

Many of the genes that were differentially upregulated in the hippocampus by targeted 

Parabacteroides enrichment were involved in fat metabolism and transport. Thus, it is 

possible that the high levels of Parabacteroides conferred an adaptation in the brain, 

shifting fuel preference away from carbohydrate toward lipid-derived ketones. 

Consistent with this framework, Parabacteroides abundance was previously shown to 

be upregulated by a ketogenic diet in which carbohydrate consumption is drastically 

depleted and fat is used as a primary fuel source due. Furthermore, Parabacteroides 

enrichment (specifically, P. distasoni), similar to a ketogenic diet, was protective against 

seizures in mice [80]. It is possible that P. distasoni reduces glucose uptake from the 

gut, enhances glucose clearing from the blood, and/or alter nutrient utilization in 

general, an idea further supported by recent finding that P. distasoni is associated with 

reduced diet- and genetic-induced obesity and hyperglycemia in mice [81]. 

 

Collective results provide mechanistic insight into the neurobiological 

mechanisms that link early life unhealthy dietary patters and altered gut microbiome 

changes with neurocognitive impairments.  Currently probiotics, live microorganisms 

intended to confer health benefits, are not regulated with the same rigor as 
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pharmaceuticals but instead are sold as dietary supplements. Our findings suggest that 

gut enrichment with certain species of Parabacteroides, while previously shown to be 

beneficial for epilepsy [80], is harmful for neurocognitive mnemonic development. These 

results highlight the importance of conducting rigorous basic science analyses on the 

relationship between diet, microorganisms, brain, and behavior prior to widespread 

recommendations of bacterial microbiome interventions for humans.  
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Figure 36: Early-life sugar consumption negatively impacts hippocampal-

dependent memory function. (A,B) Early life sugar consumption had no effect on total 

exploration time in the Novel Object in Context (NOIC) task. (C,D) discrimination index 

and discrimination shift from baseline were significantly reduced by early life sugar 

consumption, indicating impaired hippocampal function (P<.05, n=10,11; two-tailed, 

type 2 Student’s T-test). (E) There were no differences in exploration index in the Novel 

Object Recognition (NOR task) (n=6; two-tailed, type 2 Student’s T-test). (F, G) There 

were no differences in time spent in the open arm or the number of entries into the open 

arm in the Zero Maze task for anxiety-like behavior (n=10,11; two-tailed, type 2 

Student’s T-test). (H, I) There were no differences in distance travelled or time spent in 

the center arena in the Open Field task (n=10,11; two-tailed, type 2 Student’s T-test).  

(J-K) Body weights and did not differ between the groups and there was no effect of 

treatment on total kcal intake while animals had access to early life sugar (n=10,11; two- 

way repeated measures ANOVA). (L) There were no differences in body composition 

between rats fed early life sugar and controls (n=10,11; two-tailed, type 2 Student’s T-

test). CTL=control, SUG= sugar, PN= post-natal day; data shown as mean + SEM. 
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Figure 37: Effect of adolescent sugar consumption on the gut microbiome in rats 

(A) Principal component analysis showing separation between fecal microbiota of rats 

fed early life sugar or controls (n=11, 10; dark triangles= sugar, open circles= control). 

(B, above) Results from LefsE analysis showing Linear Discriminate Analysis (LDA) 

scores for microbiome analysis of fecal samples of rats fed early life sugar or controls. 

(B, below) A cladogram representing the results from the LefsE analysis with class as 

the outer most taxonomic level and species at the inner most level. Taxa in red are 

elevated in the sugar group. (C) Sequence counts  of fecal Parabacteroides w 

significantly elevated in rats fed early life sugar (P<.05; n=11, 10, two-tailed, type 2 

Student’s T-test). (D) Linear regression of fecal Parabacteroides counts against shift 

from baseline performance scores in the novel object in context task (NOIC) across all 

groups tested (n=21). (E) linear regression of the most abundant fecal Parabacteroides 

OTUs against shift from baseline performance scores in NOIC in animals fed sugar 

solutions during early life (n=11). *P<0.05; data shown as mean + SEM. 
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Figure 38: Early-life enrichment with Parabacteroides negatively impacts 

neurocognitive function (A, B) Early-life enrichment with a 1:1 ratio of P. johnsonii and 

P. distasoni had no effect on total exploration time in the Novel Object in Context 
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(NOIC) task. (C, D) Discrimination index was significantly reduced and discrimination 

shift from baseline tended to be reduced by enrichment with P. johnsonii and P. 

distasoni, indicating impaired hippocampal function (P<.05, n=14,8; two-tailed, type 2 

Student’s T-test). (E) There was a significant reduction in the exploration index in the 

Novel Object Recognition (NOR task), indicating impaired perirhinal cortex function 

(P<.05, n=14, 8; two-tailed, type 2 Student’s T-test). (F, G) There were no differences in 

time spent in the open arm but there was a trend toward a reduced number of entries 

into the open arm by animals with P. johnsonii and P. distasoni enrichment in the Zero 

Maze task for anxiety-like behavior (P=.052, n=14, 8; two-tailed, type 2 Student’s T-

test). (H, I) There were no differences in distance travelled or time spent in the center 

arena in the Open Field task (n=14, 8; two-tailed, type 2 Student’s T-test). (J-L) Body 

weights and lean mass were significantly reduced in animals enriched with P. johnsonii 

and P. distasoni, but body fat did not differ between the groups (P<.05, n=14, 8; two-

tailed, type 2 Student’s T-test). CTL=control, ABX-PARA= P. johnsonii and P. distasoni 

enriched, PN= post-natal day; data shown as mean + SEM. 
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Figure 39: Effect of early life sugar or targeted Parabacteroides enrichment on 

hippocampal gene expression (A) Pathway analyses for differentially expressed 

genes (DEGs) at a p-value < 0.01 in hippocampal tissue punches from rats fed early life 

sugar compared with controls. Upregulation by sugar is shown in pink and 

downregulation by sugar in blue. (B) A heatmap depicting DEGs that survived the 

Benjamini-Hochberg corrected FDR of P< 0.05 in rats fed early life sugar compared with 

controls. Warmer colors (red) signify an increase in gene expression and cool colors 

(blue) a reduction in gene expression by treatment (CTL=control, SUG= early life sugar; 

n=7/group). (C) A heatmap depicting DEGs that survived the Benjamini-Hochberg 

corrected FDR of P< 0.05 in rats with early life Parabacteroides enrichment compared 

with controls. Warmer colors (red) signify an increase in gene expression and cool 

colors (blue) a reduction in gene expression by treatment (n=7, 14). (D) Pathway 

analyses for differentially expressed genes (DEGs) at a P-value < 0.01 in rats enriched 

with Parabacteroides compared with controls. Upregulation by Parabacteroides transfer 

is shown in pink and downregulation in blue.  
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Figure 40:  

Effect of early life sugar consumption on food intake and metabolic measures (A) 

kcals from sugar over the feeding period beginning at post-natal day (PN) 28 with the 

first measurement taken on PN 30 (n=11). (B) Kcals from chow intake were lower 
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throughout the feeding period in animals fed early life sugar (n=10,11). (C, D) there 

were no differences in fat mass or lean mass (n=10,11; two-tailed, type 2 Student’s T-

test). (E, F) Results from the intraperitoneal glucose tolerance test show an elevated 

area under the curve (AUC) in rodents fed sugar solutions during early life (n=10,11; 

two-tailed, type 2 Student’s T-test; P<.05). CTL=control, SUG= sugar, PN= post-natal 

day; data shown as mean + SEM.’ 
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Figure 41 

Effect of early life sugar consumption on the rat cecal microbiome (A) Principal 

component analysis (PCA) was run using all phylogenic levels (112 normalized taxa 

abundances) and shows different clustering patterns based on overall cecal microbial 
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profiles. (B) Linear discriminant analysis (LDA) Effect Size (LEfSe), run using the 

GALAXY platform, identified characteristic features of the cecal microbiota of rats fed a 

control diet or early life sugar. Relative differences among groups were used to rank the 

features with the LDA score set at 2. (C) Identified taxa are displayed by scores and on 

a phylogenic cladogram. CTL=control, SUG= sugar.  
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Figure 42 

Effect of early life sugar consumption on the rat fecal microbiome: Filtered 

bacterial abundances by taxonomic levels phylum, class, order, family, genus in fecal 
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samples from rats fed a control diets or early life sugar. Differences in abundances were 

assessed by Mann-Whitney non-parametric test. * p<0.05, *** p<0.001. CTL=control, 

SUG= sugar.  
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Figure 43 

Effect of early life sugar consumption on the rat cecal microbiome: Filtered 

bacterial abundances by taxonomic levels phylum, class, order, family, genus in cecal 

samples from rats fed a control diets or early life sugar. Differences in abundances were 

assessed by Mann-Whitney non-parametric test. * p<0.05, *** p<0.001. CTL=control, 

SUG= sugar.  

 
 

 
 
 

Table 8 

Associated phylogenetic tree 
 
 
 

Genus
C Clostridiaceae Clostridium

Blautia
Dorea

P Peptococcaceae 
Ps Peptostreptococcaceae 

Oscillospira
Ruminococcus

T Turicibacterales T Turicibacteraceae Turicibacter
B Bacillales

E Erysipelotrichi E Erysipelotrichales E Erysipelotrichaceae Allobaculum
S S24-7 
B Bacteroidaceae Bacteroides

Prevotella
Paraprevotella

Po Porphyromonadaceae Parabacteroides
V Verrucomicrobia V Verrucomicrobiae V Verrucomicrobiales V Verrucomicrobiaceae Akkermansia

β Betaproteobacteria B Burkholderiales S Sutterellaceae Sutterella
Desulfovibrio
Bilophila

T Tenericutes M Mollicutes RF RF39 
D Deferribacteres D Deferribacteres D Deferribacterales D Deferribacteraceae Mucispirillum
A Actinobacteria A Actinobacteria B Bifidobacter B Bifidobacteriaceae

Desulfovibrionales DDeltaproteobacteriaΔ
Proteobacteria

Coprococcus

PrevotellaceaeP

DesulfovibrionaceaeD

LachnospiraceaeL

Lactobacillus
Bacilli B 

Bacteroidales BBacteroidia B BacteroidetesB

P

Phylum Class Order

FirmicutesF

Clostridiales CClostridia C

Family

L Lactobacillaceae Lactobacillales L

Ruminococcaceae R
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Figure 44 

Intestinal Parabacteroides is enriched by antibiotic treatment and oral gavage of 

P. distasonis and P. johnsonii. (A) Schematic showing the timeline for the 

experimental design of the Parabacteroides transfer experiment. (B)Alpha diversity 

based on 16S rRNA gene profiling of fecal matter (n = 7–8) represented by observed 

operational taxonomic units (OTUs) for a given number of sample sequences. (C) 
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Principal coordinates analysis of weighted UniFrac distance based on 16S rRNA gene 

profiling of feces for SAL–SAL, ABX-SAL, and ABX-PARA enriched rats (n = 7–8). (D) 

Average taxonomic distributions of bacteria from 16S rRNA gene sequencing data of 

feces for SAL–SAL, ABX-SAL, and ABX-PARA enriched animals (n = 7–8). (E) Relative 

abundances of Parabacteroides in fecal microbiota for SAL–SAL, ABX-SAL, and ABX-

PARA enriched animals (n = 7–8) (ANCOM). PN post-natal day, IP GTT intraperitoneal 

glucose tolerance test. Data are presented as mean ± S.E.M. *P < 0.05, **P < 0.01, ***P 

< 0.001. n.s. not statistically significant, SAL–SAL rats treated with saline, ABX-SAL rats 

treated with antibiotics followed by sterile saline gavage, ABX-PARA rats treated with 

antibiotics followed by a 1:1 gavage of Parabacteroides distasonis and Parabacteroides 

johnsonii. 
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Figure 45 

Principal coordinate analyses of hippocampal gene expression (A) Potential 

sample outliers were detected by principle component analysis (PCA) and one control 

(red arrow) and (B) one treatment sample (red arrow) from the Parabacteroides 

experiment were deemed outliers and removed. (C) principal component analysis for 

the sugar (D) and Parabacteroides enrichment experiments.  
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Figure 46 
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Comparison of hippocampal gene expression pathways altered by sugar and 

Parabacteriodes At the pathway level, three pathways overlapped in the sugar and 

Parabacteroides transfer experiments including (A) vascular smooth muscle contraction 

(B) dopaminergic synapse and (C) cGMP-PKG signaling pathway. Red= upregulated by 

sugar, dark blue= downregulated by sugar, orange= upregulated by Parabacteroides, 

light blue= downregulated by Parabacteroides * P < 0.05 and ** P< 0.01. Dotted line 

indicates ±0.25 log2 fold change.  
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Concluding remarks 

 
Increasing evidence implicates the gut microbiota in host neurological homeostasis and 

pathology. Diet and environmental stressors are primary environmental risk factors for 

epileptic disorders, cognitive impairment, and host metabolic dysfunction. Still unknown 

in this work is the extent to which microbial communities synergistically impart effects on 

host neurophysiology and behavior, which microbial-produced molecules can either 

trigger or prevent neurological disruption, and how treatments can stably target noted 

microbial effectors. Future work in these areas needs to further focus on precise 

mechanisms for how microbes affect host neurophysiology and identify candidate 

effectors relevant for human patients. 
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Abstract 
Microbial source tracking analysis has emerged as a wide-spread technique for 

characterizing the properties of complex microbial communities. However, this analysis 

is currently limited to source environments sampled in a specific study. In order to expand 

the scope beyond one single study, and allow the ‘exploration’ of source environments 

using large databases and repositories such as the Earth Microbiome Project, a source 

selection procedure is required.  Such a procedure will allow differentiating between 

contributing environments and nuisance ones when the number of potential sources 

considered is high. Here we introduce STENSL (microbial Source Tracking with 

ENvironment SeLection), a machine learning method that extends the common microbial 

source tracking analysis by performing an unsupervised source selection and enabling 

sparse identification of latent source environments. By incorporating sparsity into the 

estimation of potential source environments, STENSL improves the accuracy of true 

source contribution, while significantly reducing the noise introduced by non-contributing 

ones. We therefore anticipate that source selection will augment microbial source tracking 

analyses, enabling an exploration of multiple source environments from publicly available 

repositories while maintaining high accuracy of the statistical inference.  

Introduction  

Complex microbial communities are present in multiple biological domains, and play far-

reaching roles in various fields, from human health, through agriculture, to bioremediation. 

The study of these high-dimensional communities offers great opportunities for biological 

discovery, due to the ease of their measurement, the ability to perturb them, and their 

dynamic and rapidly evolving nature. These same characteristics, however, make it 
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difficult to extract informative and reproducible patterns informing the origins of these 

ecosystems. Specifically,  as microbial community assembly strongly depends on the 

dispersal of microbes from a mixture of source environments, the analysis of such 

communities requires tailored algorithms deconvolving latent structures regarding 

community integration. 

Over the last decade, a number of computational techniques have been described for 

tracking the assembly of such complex microbial communities1–3. By performing 

“microbial source tracking”, methods such as FEAST1 and SourceTracker22 quantify the 

fraction, or proportion, of different  microbial samples (sources) in a target microbial 

community (sink), while assuming the sink is a mixture of sampled microbial environments 

(i.e., known sources) with the possibility of unmeasured ones, collectively referred to as 

the ‘unknown source’. These methods have shown great promise in revealing new 

insights, particularly in quantifying contamination and tracking microbial community 

integration4–6. However, in many practical scenarios, the list of potential sources cannot 

be narrowed down to a small number, and therefore the number of contributing sources 

is often much smaller than the number of candidate sources considered in the analysis. 

Unfortunately, existing methods are suboptimal in such scenarios, hindering the concept 

of source exploration.  

As it may be nearly impossible to obtain sequencing data for all potential source 

environments in a study, source exploration using public repositories may augment 

microbial source tracking analyses, beyond the scope of any one study. We therefore 

suggest that in these settings, microbial source tracking can benefit from automated 

source exploration and selection. Nonetheless, this process remains largely 
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understudied, with current methods not suitable for the task, as-is,  since the estimation 

error increases as the number of sources considered increases. Only one previous study 

tried to address this limitation by exploring the utility of Aitchison distance to select 

“important” sources that drive community assembly7. However, as we demonstrate using 

simulations, the accuracy of this strategy in the presence of an unknown source is very 

low. 

Here we introduce STENSL, a scalable regularization algorithm that unveils the latent 

structure of a given microbial community by modeling it as a convex combination of (1) 

contributing sources (sources observed and have nonzero contribution), (2) nuisance 

sources also called non-contributing sources (observed and have zero contribution) and 

(3) unobserved sources, collectively referred to as the unknown source. We use the term 

candidate sources to describe the union of the former two. STENSL enables the 

incorporation of multiple candidate sources from publicly available repositories without 

the need  for manual selection. As a result, multiple sources can be considered without 

increasing the error in estimating the underlying mixing proportions, unlike current 

microbial source tracking methods.. We demonstrate that, when considering both 

contributing and non-contributing source environments, STENSL is significantly more 

accurate than state-of-the-art methods. Thus, by leveraging sources from publicly 

available repositories, STENSL can provide a more accurate estimation of the origin of 

complex microbial communities 

Results 

A brief description of the model. STENSL detects a core group of source environments, 

within a larger group of candidate environments, and quantifies their contribution to the 
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formation of complex microbial communities. STENSL takes as input a microbiome 

sample (called the sink) as well as a separate group of microbial samples (called the 

candidate sources), detects a core group of contributing sources and estimates the 

fraction of the sink community that was contributed by each of these core environments. 

By virtue of these mixing proportions summing to less than the entire sink, STENSL also 

reports the fraction of the sink attributed to other, unobserved, origins (Figure 1). STENSL 

is based on a least-squares optimization with an L1-norm regularization, acting as a 

source selection procedure, prior to the common microbial source tracking analysis. In 

STENSL we also introduce a procedure to analytically reconstruct  the best 

representation of the unknown source. Specifically, we leverage the regularized least-

squares solution of the mixture model to identify taxa which are accurately reconstructed 

and are thus not unlikely to originate from the unknown source (Methods). STENSL 

identifies three types of sources: (1) contributing sources (sources observed and have 

nonzero contribution), (2) nuisance sources also called non-contributing sources 

(observed and have zero contribution) and (3) unobserved sources, collectively referred 

to as the unknown source. In other words, our method explicitly differentiates between 

two types of known sources introduced to the model (i.e., contributing and nuisance). As 

we demonstrate below, these modifications  are  significant in denoising and exploring a 

cohort of candidate sources. Specifically, we show that STENSL is significantly more 

accurate than existing methods when considering a large number of nuisance sources, a 

setting in which the identification of truely contributing sources becomes non-trivial.  



 
429 

 
 
 
 

 

 

Figure 47: The procedure of STENSL. The source-tracking task describes the 

problem of identifying the relative presence of microbial communities from an unknown 

mixture. STENSL implements a sparse selection procedure to allow the use of potential 

sources and obtain robust measure of contamination and relative source contributions. 

 

Model  evaluation  using   data-driven simulations. We  compared  the  accuracy  of 

STENSL to FEAST, SourceTracker2 and RAD, methods previously suggested for 

microbial source tracking using simulations. The samples used in these simulations are 

based on real microbial samples documented and processed as part of the Earth 

Microbiome Project8. The synthetic sink samples were generated as a convex 

combination of real microbial samples (i.e., contributing sources) and an unknown source, 
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hidden from the algorithm. Our evaluation extends the source tracking problem by 

introducing to the algorithms numerous additional sources unrelated to the sink such that 

all methods consider both contributing and non-contributing sources.  To measure 

accuracy, we compared the estimated mixing proportions with the true ones using mean-

squared error (Figure 2a, Table S1). Overall, we found that STENSL was the only method 

to consistently estimate the level of real sources’ contribution, with significantly lower MSE 

across unknown contributions 0~90% (SourceTracker2 P<9.1310-7 , FEAST P<1.4310-

3 , RAD P<9.1310-7; Wilcoxon signed-rank test). The ability of each method to distinguish 

truly contributing sources was further assessed by summing non-zero weight attributed 

to non-contributing sources. We term this metric the ‘false positive rate’. We found that 

using STENSL, the false positive rate was significantly reduced compared to the other 

methods (Figure 2b;SourceTracker2 P<9.1310-7 , FEAST P<3.9210 -5, RAD P<9.1310-

7 ; Wilcoxon ranked-sum test). We note that lower false positive rates correspond to 

improvements in identification of truly contributing sources as well as estimation  of the 

unknown source proportions. Conversely, we found that for FEAST, RAD and 

SourceTracker2, non-contributing sources were consistently assigned positive weights 

and the misattributions increased with increasing number of candidate sources. Notably, 

in the absence of nuisance sources, STENSL is as accurate as FEAST, the state-of-the-

art method. 
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Figure 48 (a) Estimation of mixing proportions using STENSL In simulated settings 

of M=50,200 total candidates (K=10,20 contributing sources within respectively), mean-

squared error of the estimated mixing proportion was evaluated for STENSL, 

SourceTracker2, FEAST, and RAD. For each environment, experiments were repeated 

with increasing unknown presence of 0%, 20%, 40%, 70%, and 90%. Error bars 

indicate standard deviation in error for tested sinks within each group. (b) Breakdown 

of estimated mixing proportions  For the group of sinks where we simulated 

intermediate unknown proportion (40%), we label how each method attributes mixing 

proportion weights across truly contributing sources, false positive sources, and the 

unknown proportion, in the setting of 50 candidate and 10 contributing sources. 
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STENSL maintained the lowest proportion of false positive attributions in comparison to 

similar methods which were overwhelmed adversely by the increased number of 

candidates (significantly lower with p < 7.47x10-4 across all methods, Figure S1).  

 
We next quantified the accuracy of the estimated unknown proportion through Mean 

Absolute Error (MAE) against the true simulated unknown proportion ranging from 0% to 

90% in the sink. To visualize how unknown proportions affect estimation, we correlated 

the estimated unknown proportions with the true unknown proportions in Figure S4. We 

found that STENSL is significantly more accurate in estimating the unknown source 

contribution  throughout the entire range of unknown source proportions (SourceTracker2 

P<9.13x10-7, FEAST P<3.92x10-5, RAD P<9.13x10-7; Wilcoxon rank-sum test;  Table 

S1). For the smallest simulated setting of three true sources and six total candidate 

sources we found that all methods were accurate in estimating the unknown source 

contribution (Figure S2). However, as the number of candidate sources increased, 

existing methods significantly underestimated the unknown proportion due to both false 

identification of sources and overestimation of truly contributing sources.  

Real data  

In vitro model validation. To validate the sparsity assumption introduced by STENSL, 

which models a microbial community as a convex combination of contributing sources, 

and to further demonstrate the utility of our method, we created an in vitro data set. In this 

data, we generated in vitro sinks as a mixture of microbial samples acquired from the 

digestive systems of three human subjects and three mice subjects (Methods). Twenty-

four in-vitro sinks were assembled, each sink consisting of two to three microbial samples 
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at varying mixing proportions. When performing microbial source tracking analyses on 

this set of contributing sources and sinks, we added a group of 50 additional non-

contributing sources (Methods). Our analysis considered STENSL, SourceTracker2, and 

FEAST, forgoing RAD as it does not estimate an unknown proportion. We evaluated the 

accuracy of these methods by using mean-squared error (MSE) between the lab-

generated ground-truth and the estimated mixing proportions. As part of our analysis,  for 

each sink we withheld one or two contributing sources to create settings in which the 

unknown proportions range between 0%~80%. Similarly to our simulation results, we 

found that in real data STENSL was significantly more accurate than other methods 

(Figure 3, SourceTracker2 P<2.2x10-16, FEAST with P<8.596x10-16; Wilcoxon ranked-

sum test). 

 

 
 
Figure 49: Analysis of in-vitro dataset of sinks created from mixture of Human 

and Mice Gut Samples  The accuracy of STENSL, SourceTracker2, and FEAST was 

evaluated using mean-squared error (MSE) against the true mixing proportion used to 
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create in vitro sinks with unknown proportions ranging from 0%~80% and in the 

presence of 50 non-contributing sources.  

Source selection in the Human Microbiome Project. To demonstrate the utility of 

STENSL when using large public repositories, we sought to assess the origins of a 

microbiome sample taken from a single individual found in the Human Microbiome 

Project9. To construct the source tracking problem, we defined the sink to be a saliva 

microbiome sample which is one of several orally acquired samples including tongue, 

palate, and buccal mucosa. The candidate sources were then defined to be all the 

microbiome samples from the focal subject from which the saliva was sampled (excluding 

the saliva) as well as all other available microbial samples originated from 15 body sites 

across 88 individuals. In Figure 4.a, we outline results of applying both STENSL and 

SourceTracker2 to the same source tracking problem, with a substantially higher false 

positive rate attributed to the latter. Specifically, STENSL attributed a total of 33.7% to 

other oral microbiome samples belonging to the focal subject from which the sink was 

sampled (Buccal Mucosa 14.3% , Tongue Dorsum 11.0%  and 8.4% from Throat), while 

SourceTracker2 attributed only 4.3% to the other oral microbiome samples belonging to 

the focal subject from which the sink was sampled (Buccal Mucosa 3.3%, Tongue Dorsum 

0.4% and 0.7% from Throat). In addition, STENSL estimated an unknown contribution of 

26% while estimating zero contribution  for most non-contributing sources originating from 

other individuals.  In contrast, SourceTracker2 assigned non-zero weights to the majority 

of sources from all other individuals (i.e., non-contributing sources) and estimated a 

negligible unknown proportion (0.1%) . We next performed a follow-up analysis, only 

considering samples from the focal individual (1 individual, 15 samples across body sites) 
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and examined the results of this problem with no external individuals, a setting with little 

to no non-contributing sources.  Both methods estimate that the oral sites would 

contribute largely to the saliva (STENSL estimates 19.2% Buccal Mucosa, 18.4% Tongue 

Dorsum, 17.9% Throat; SourceTracker2 estimates 12.4% Buccal Mucosa, 14.8% Tongue 

Dorsum, 10.3% Throat) and unknown proportion of 20-30% (STENSL estimates 35% 

unknown while SourceTracker2 estimates 19% unknown). These estimates agreed best 

with the results of STENSL in the full setting of 88 individuals and 997 samples. STENSL 

specifically highlighted Tongue, Buccal Mucosa, and Throat samples as the top 

contributors, which remained consistent when analysing one subject or including the 

entire cohort.  
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Figure 50:  Single microbial samples can be strongly attributed to its original 

subject in a database-wide analysis of the Human Microbiome Project using 

STENSL. STENSL is applied in analysing a saliva sample from one Human  subject as 

a composition of any choice of 997 samples which were collected from other body sites 

from the same subject and also from other human subjects. (a) Using STENSL, we 

identify several samples with high contribution (top-3: Buccal Mucosa 14.3%, Tongue 

11.0%, Throat 8.4%) which originate from the same Human subject. This is compared 

to SourceTracker2 where the highest weight given to a sample from the subject 

diminishes to 2.9%. (b) To verify the database-wide analysis, we compared it with 

results of applying both methods to the set of fifteen sources belonging to the original 

Human subject. In this reduced setting, both methods agreed roughly in the presence of 

unknown proportions (STENSL 35%, SourceTracker2 19%) and the top three 

contributing sources to be Buccal Mucosa, Tongue, and Throat.  
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Discussion 

In this work we present STENSL, a least-squares optimization with an L1-norm 

regularization acting as a sparse source selection procedure prior to microbial source 

tracking analysis. STENSL enables the identification of  contributing sources amongst a 

large set of potential source environments while obtaining robust measures of source 

contributions. With the unprecedented expansion of microbiome data repositories such 

as the ‘Earth Microbiome Project’, recording over 200,000 samples from more than 50 

types of categorized environments, STENSL takes first steps in performing automated 

source exploration and selection. Using simulations, we found that STENSL is 

significantly more accurate in identifying the contributing sources as well as the unknown 

source, even when considering hundreds of candidate sources;  settings in which state-

of-the-art microbial source tracking methods add considerable error.  

 

The utility of STENSL is established using two real datasets. The first is an in vitro data 

we generated, in which we mixed six microbial environments, samples from the gut of 

humans and mice, and generated over two dozen sink samples. As this dataset provides 

the ground truth rather than a simulation, we validated, for the first time, the generative 

model of common microbial source tracking methods (i.e., a sink is a convex combination 

of known and unknown sources). Next, we demonstrated the added value of STENSL, by 

showing it is robust to the presence of nuisance sources (i.e., sources that didn’t 

contribute to the formation of the sink). The second dataset is  the Human Microbiome 

Project. In this analysis, we showed STENSL’s ability to accurately identify the latent 
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contributing sources, even in the presence of hundreds of nuisance ones, while 

significantly reducing estimation error.   

 

Overall, using simulated and real sequencing data, we demonstrated that STENSL 

significantly improves the accuracy of microbial source tracking analysis over comparable 

methods by minimizing the contribution of nuisance sources and highlighting the actual 

contributing one. By performing source selection that is robust to the presence of 

hundreds of nuisance sources, STENSL is enabling efficient source exploration using 

publicly available repositories thereby augmenting microbial source tracking analysis.   

Methods 

The STENSL Model  

Consider a single sink sample represented by a vector x where xj corresponds to the 

abundance of taxa j, 1jN. We define our model over M sources among which any few 

sources may truly contribute to the sink, and therefore refer to them as candidates. Each 

source is represented by a vector Yi, where yij is the observed abundance of taxa j in 

sourcei (1iM).   Additionally, we assume there is an unobserved source(M+1). 

Let  Ci=j=1Nyijand C=j=1NXj be the total taxa counts of the candidate sources and sink 

respectively. With this notation, the generative model is as follows: we assume that there 

are mixture proportions —a vector  of length M+1—where i corresponds to the fraction of 

source i in the sink, hence i=1M+1i=1. We also assume that the underlying relative 

abundance for each of the sources is unobserved, and that Yi are noisy realizations of 

these relative abundances. Formally, for each source, we have a vector i, where j=1Nij= 
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1. Each ij represents the true relative abundance of taxa j in sourcei. The generative 

model for STENSL is given by: 

 

j= i=1M+1iij 

YiMultinomial (Ci, (i1, ...iN)); i [M] 

YM+1Multinomial (CM+1, (M+1,1, ...M+1,N)) 

xMultinomial (C, (1, ...N)) 

As we do not observe YM+1,we use a data-driven plug-in estimate YM+1 as described 

below. The generative model underlying STENSL is the same as the generative model of 

FEAST, with the exception that STENSL is explicitly assuming the unknown source was 

also sampled from a multinomial distribution while using a data-driven plug-in estimate 

YM+1 that serves as an initial “observed” sample. Another notable difference between 

STENSL and other microbial source tracking methods, is the sparsity assumption. 

STENSL assumes that a sink is a convex combination of (1) contributing sources 

(sources observed and have nonzero contribution), (2) nuisance sources also called non-

contributing sources (observed and have zero contribution) and (3) unobserved sources, 

collectively referred to as the unknown source. We use the term candidate sources to 

describe the union of the former two. In other words and as described below, STENSL 

assumes that only a subset of the sources introduced to the algorithm actually contribute 

to the formation of the sink, where this sparsity is induced by the inference framework 

rather than the generative model (i.e., data-driven parameter initialization). 

 

Inference of STENSL Parameters 
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Under the STENSL model, we need to estimate the parameters, . Given the observed 

taxa counts in the candidate sources and sink, a number of inference algorithms could be 

used to estimate the parameters. A challenge in designing an accurate inference 

algorithm arises from the large number of parameters that need to be estimated. This 

challenge is further exacerbated when the number of candidate sources is large. To 

overcome this challenge, we perform inference in two steps. In the first step, we aim to 

identify the candidate sources that are likely to contribute to the sink and obtain an initial 

estimate of the mixing proportion at these sources. We use a constrained optimization 

algorithm with a sparsity assumption to obtain these initial estimates. In the second step, 

we focus on the sources identified as contributing to the sink in the previous step as well 

as approximate the taxa abundance added by unknown contribution. We leverage these 

initial estimates in performing expectation-maximization (EM) in an attempt to obtain 

improved estimates of the mixing proportions using FEAST1. We note that this is not a 

convex optimization problem (i.e., no global optimum) and therefore the initialization of 

the EM procedure is critical to the accuracy of the final parameter estimates.  

 

Source Selection. STENSL assumes that only a sparse subset of the candidate sources 

contribute to the formation of the sink. To obtain a sparse selection of sources, we define 

a heuristic approach to infer the mixing proportions  under a sparsity assumption. In 

practice, inferring the latent taxa variables depend heavily on the observed taxa counts 

and motivates  a heuristic which uses the observed counts directly to obtain an 

approximation of the hidden variables, with an added benefit that the approximation leads 

to an optimization problem that can be efficiently solved for large numbers of sources. A 
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convenient choice for the initial values of 𝛾 are the observations Yij / j=1NYij, and we find 

that the observations are a sufficient proxy of 𝛾ij in approximating . We next perform 

inference by formulating a least-squares problem between x and  YT while ensuring that  

is sparsely approximated by L1 regularization. We specifically choose the L1 

regularization (Lasso) which follows this formulation, with added constraints that each 

proportion must be non-negative and i=1Mi1. In leveraging Lasso, we assume the 

presence of underlying noise which is normally distributed when forming the sink. We 

leverage this underlying noise to estimate the abundance profile of the unknown source. 

We therefore seek to optimize the following objective function, where we determine an 

optimal value for hyperparameter  through cross-validation (Figure S3): 

 

min || YT-X ||22+ ||  ||1 

subject to i=1Mi1, i0 

The objective describes a least-squares problem which is solvable as a quadratic 

program with the stated constraints. From the initial sparse approximation of , we consider 

candidate source i for which contribution is positive i >0 to be highly likely to be 

contributing to the sink, and the result of the selection step.  

 

Unknown source Initialization. In obtaining an initial estimate of the unknown 

abundances counts YM+1, we assume that its underlying relative abundance  follows a 

truncated normal distribution similar to the non-negative components of the estimation 

noise resulting from the selection step. In practice, in order to remove the prominent signal 

stemming from the true known sources, we subtract the scaled counts of the top 
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contributing source, ranked based on the L-1 regularization and thus, YM+1init = max(0, 

x -maxL1() YargmaxL1()). We introduce two additional regularization methods to further 

improve the approximation of the unknown taxa abundance. First, we leverage the 

reconstruction error of taxa-j in the sink. Taxa observations which are poorly estimated 

are indicative of an unknown contributor, thus we measure the taxa-wise error j=|| i=1Miij-

j ||22 and choose an inclusion percentile 01 for which top-n taxas would account for the 

majority of the error j=1nj /j=1Nj. All taxa-j satisfying = 0.75 was considered in the final 

unknown source. Next, we assessed the prevalence of taxa-j across the contributing 

sources. The appearance of a taxa-j is tallied to quantify the measure j=1Mi=1M1ij>0; 0j1. 

We assume that taxa with high j are 'general' in the source environments considered and 

unlikely to benefit unknown estimation and should therefore be excluded from the 

unknown source initialization. To determine a threshold for  𝛕1...𝛕N, we calculate the 

goodness-of-fit score R = ||T-||2 / ||||2  of the least-squares source selection result.  We 

dynamically apply the prevalence assumption, where by including taxa-j with j<R are then 

considered as originating from an unknown contributor and the rest are excluded. For 

sinks which are well represented by the sparse model, the regularization step ensures 

that only the most uniquely present taxa are used to initialize the unknown source. For 

poorly reconstructed sinks, the majority of taxa will be considered. Finally, we treat this 

regularized taxa abundance as an initial estimate of the true taxa abundance of the 

unknown contributor YM+1 =1 > & < R YM+1init. 

 

Microbial source Tracking 
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Given the estimate for the unknown source YM+1 and the  initial estimates for  and  we 

use FEAST1 to infer the model’s parameters. FEAST uses the expectation maximization 

framework for parameter inference. 

 

Simulation Procedure 

To examine the accuracy of STENSL, we used multiple source environments with varying 

degrees of overlap in their distribution by randomly sampling from the Earth Microbiome 

Project. Each source environment was sub-sampled to contain 10,000 reads. In each 

iteration of the simulation we sampled M + 1 candidate environments and used them to 

build a synthetic sink with different mixing proportions. To simulate an unknown source 

as well as sparsity in source contribution, only K source environments are designated as 

contributing sources. We used 30 mixing proportions (corresponding to 30 simulated 

sinks) and K = 10, 20 contributing sources in each iteration with M = 50 and 200 

respectively. We drew the mixing vector of length K from a Pareto distribution, which was 

scaled to sum to 1. Finally, the sink was generated under the model as a linear 

combination of the K contributing sources and the unknown source. For a detailed 

description of the simulation, see Supplementary Material.  

 

In vitro data generation  

To evaluate the performance of STENSL and validate the mixture model assumed by 

common microbial source tracking methods, we generated in vitro data, using the 

generative model described above following a 16S amplification protocol from Tong et 

al.10. The contributing sources were taken from the digestive systems of three human 
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subjects and three mice. Two of the human subjects were documented with a pre-

Ketogenic diet and the third was sampled from the 'Human Altitude Study'. Using these 

sources, we assembled 27 in-vitro sinks, each sink composed of two to three microbial 

samples at varying mixing proportions (ranging from 20% to 80%). For a detailed 

description of the assembly process and protocols used, see Supplementary Material. To 

assess the performance of microbial source tracking methods in the presence of non-

contributing sources, we next generated 50 additional synthetic sources by shuffling the 

abundances of the six contributing sources described above. The number of taxa 

expressed  in each synthetic source Ti; (1i50) was determined following a uniform 

distribution Ti Unif(min(Treal1 ,..., Treal6), max(Treal1 ,..., Treal6)), where Trealj;  (1j6) is 

the number of taxa in the six contributing sources described above.  Then, for each taxa-

j, we randomly drew, without replacement, a count which was observed among all non-

zero taxa.  

 

 

Supplementary Information 

 

Simulation procedure 

 

We evaluated STENSL under a variety of sinks generated using real-world microbial 

samples found in the Earth Microbiome Project [ref]. In practice, we may encounter 

minimal to dominant unknown presence, so we simulated sinks for unknown percent from 

0%~90%. We denote the unknown proportion according to the percentages as u. In 
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addition, we ensured similarity between sources measured in Jensen-Shannon 

divergence (JSD) was consistent such that  sink-source relationships were not trivial. As 

many as M sources were gathered per sink, of which K sources randomly contributed to 

the sink. Accuracy for the generated sinks was measured as the Mean-Squared Error 

(MSE) between the estimated and true mixing proportions.  

 

The simulation procedure to generate a single sink for chosen unknown proportion u{0.2, 

0.4, 0.6, 0.7, 0.9}was as follows: 

1.  Choose number of sources M and K, where KM 

2.  Randomly generate a mixing proportion for K sources such that m-1Pareto(>0) 

where m-1=1-u. 

3.  Draw M microbial samples S1, ... , SK from the dataset. We ensure pairwise 

divergence JSD(Si, Sj) > 0.8 for 1iM, 1jM. 

4.  Draw the M+1th microbial sample  SM+1 which is the unknown source. Ensure 

pairwise divergence JSD(Si, SM+1) > 0.5 for 1iM. 

5. Draw noisy realizations of real sources S1, ... , SM+1from the Multinomial 

distribution which we denote as Y1, ... , YM+1. 

6. The sink sample abundance is obtained as k{1...K, M+1}mkSk=X. This combines 

the first K randomly selected sources and the unknown source. 

7. STENSL is applied to sink X and sources Y1, ... , YM+1. 

8. Calculate the MSE between the estimated and true mixing proportions. 
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In vitro data generation. The following materials were used: (a) 96 well plate of uniquely 

barcoded IL_806r primers11, (b) ILHS_515f, (c) 10  PCR buffer (Sigma-Aldrich, cat. no. 

D9307) 10 mM dNTPs JumpStart Taq DNA polymerase (Sigma-Aldrich, cat. no. D9307), 

(d) DEPC-treated water QIAquick PCR purification kit (QIAGEN, cat. no. 28104), (e) 

Nanodrop spectrophotometer, (f) Thermal cycler, (g) six microbial environments:  (1) 

Mouse SPF after 7 days of Ketogenic Diet, (2) Mouse SPF with after 7 days of standard 

diet, (3) Mouse SPF Kcna +/+ 1, (4) human subject 1,  Pre-Ketogenic diet, (5) human 

subject 2,  from the 'Human Altitude Study', SA2 and (6) human subject 3, Pre-Ketogenic 

diet. Overall, 27 synthetic sinks were assembled in vitro with varying source contributions, 

using two to three microbial environments per sink.  We Prepared the following PCR 

master mix to amplify each sample in triplicate: 10× PCR buffer 3l x 3.3 x no. of samples 

dNTPs (10 mM) 0.6l   x3.3   x no. of samples JumpStart Taq DNA polymerase 0.3l   x 

3.3   x no. of samples H2O 23.1l   x 3.3   x no. of samples.  For this step, each separate 

source used in a sample was amplified separately, then purified via PCR purification, then 

added to the final multiplexed tube in a proportion according to the  outlined above so that 

the total amount added is 250 ng of DNA per barcode. This is to prevent sequencing 

bias.  i.e., for Barcode number 1, if this is a sample prepared as 1a, this would mean 

sample number 1 and number 2 would be amplified in separate tubes using Barcode 1, 

then 125 ng of purified product will be used for each in the final tube (to get 50% of each).  

 

We Added 81l master mix to every third well of a 96-well PCR plate, added 6l sample 

DNA (2l   x 3 reactions) and 3l primer mix (1l   x 3 reactions) from a well of a 96-well 

primer plate to each of these wells.  Using a P200 pipette, we mixed each well and then 
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transferred 30l into each of the two neighboring wells, resulting in triplicate reactions for 

each sample.  we Sealed the plate with 8-cap strips (made sure they are matched to the 

plate) or with plastic film. We performed PCR with the following thermal cycler settings: 1 

cycle:  94 degree Celsius 3 min 35 cycles:  94 degrees Celsius 45 sec  50 degrees 

Celsius 1 min 72 degrees 1.5 min 1 cycle: 72 degrees Celsius 10 min 1 cycle:  72 degrees 

Celsius 5 min Final step:  4 degrees Celsius (hold). We Combined the PCR products from 

the triplicate reactions. We used the Qiagen PCR cleanup kit to purify PCR products from 

each sample, and elute DNA with 30l PCR grade (DEPC-treated) H2O. We quantified the 

amplified DNA using spectrophotometer, and then combined 250 ng of each sample 

amplicon into one tube to make a multiplexed library. Samples were multiplexed using 

the appropriate sequencing primers11, to Laragen for sequencing.  We obtained ~70,000 

reads per sample. All samples were analyzed via QIIME2 using ASV and taxonomic 

information12.  

 

a. Difference in means, MSE 
Unknown  0% 20% 40% 70% 90% 

FEAST Not sig. Not sig. p=5.40e-24 p=5.59e-31 p=1.03e-19 

STracker2 Not sig. p=0.0397 p=8.39e-17 p=1.01e-34 p=4.87e-26 

RAD Not sig. p=7.47e-4 p=3.93e-18 p=4.39e-35 p=5.29e-27 
b. Difference in means, noise amount 

Unknown  0% 20% 40% 70% 90% 

FEAST p=0.0361 p=2.84e-11 p=1.39e-23 p=4.86e-26 p=2.69e-18 

STracker2 p=5.96e-13 p=4.67e-23 p=3.63e-24 p=6,86e-27 p=3.41e-22 

RAD p=2.13e-31 p=2.37e-29 p=6.48e-27 p=9.61e-26 p=5.37e-13 
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(c) Difference in means in unknown estimation, MAE  
Unknown 0% 20% 40% 70% 90% 

FEAST Not Sig. p=2.24e-18 p=2.40e-37 p=9.50e-29 p=1.38e-19 

STracker2 p=1.07e-4 p=1.36e-20 p=1.52e-41 p=3.11e-34 p=6.94e-26 

RAD Not sig. p=2.61e-21 p=2.88e-44 p=8.77e-36 p=6.98e-27 
 
Table 9 (a) P-values for difference in mean t-tests (paired) for MSE accuracy of 

STENSL to estimate the true mixing proportions against comparable methods. We 

observe that for any amount of positive unknown contribution that STENSL would 

perform favorable results in the estimation task with significance. (b) P-values for 

difference in mean t-tests of false positive source detections, characterized as noisy 

predictions. (c) P-values for difference in mean t-tests of estimation of 
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Figure 51: Performance of STENSL, FEAST, SourceTracker2, and RAD where no 

unknown source is present (0%) in simulations Estimation performance is measured 

on a simulated sink consisting of K=10 sources, with M=50 sources provided in total as 

potential candidates as sources in the source tracking problem. For 30 such simulated 

source-snik problems (a) performance is quantified as mean-squared error of known 

simulated mixing proportion vs estimated mixing proportion and (b) sum of residuals 

(absolute) of estimated mixing proportion for each set of sources where error directly 

corresponds to mis-attributed proportions. 

 

 
 
Figure 52: A small source tracking problem with sinks consisting of M=3 sources 

analysed using STENSL, FEAST, SourceTracker2, and RAD in simulations Sinks 

were simulated each consisting of M=3 sources, and 3 additional candidate sources 

(M=6 in total) were provided in each source tracking problem. Additionally, an unknown 

contributor of 40% was simulated in the sink. Mixing proportions estimated for 30 such 

simulations were labelled as belonging to either a Contributing, False Positive (not 

contributing to formation of sink), and Unknown Identified. 
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Figure 53: Cross-validation to determine λ STENSL utilizes Lasso as part of the 

selection step, in which hyperparameter λ of the sparsity regularization must be 

determined. We use cross-validation on a simulated dataset of sinks (and their 

corresponding sources) to find an optimal λ for microbial data based on prediction 

errors =1Mi=1M(X-YT)2. The dataset is split in half for sinks which will be analysed as 

part of training to tune the hyperparameter, and we evaluate Lasso on the reserved test 

set. In the validation plot, we show the average of the errors  for each λ and find that 

choosing a value < 1x10-4 would be optimal. In our experiments, we choose λ = 1x10-6 
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Figure 54: Robustness to a wide range of unknown presence. For all the estimated 

mixing proportions in our simulations from (a), we highlight how accurately each method 

estimated the unknown proportion. We found that STENSL was the only method to 

correctly estimate the simulated amount of unknown for M=50,200. For any positive 

unknown proportion 20%~90%, mean absolute error (MAE) of the estimated unknown 

proportion was significantly lower when using STENSL with p-value < 1.07x10-4 across 

the compared methods. 
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Figure 55: Analysis of in-vitro dataset of sinks created from mixture of Human 

and Mice Gut Samples  Known contributors to the sink mixture were withheld from the 

list of sources to create source tracking problems with unknown quantities between 

0%~80%. The accuracy of STENSL, SourceTracker2, and FEAST was evaluated using 

mean-squared error (MSE) against the true mixing proportion used to create in vitro 

sinks with unknown proportions ranging from 0% to 80% and in the presence of 50 non-

contributing sources. (a)  Accuracies of STENSL, SourceTracker2, and FEAST were 

evaluated using mean-squared error (MSE) against the stated mixing proportion used to 

create the sink and are shown across 0%~80% (p-values < 0.021 for positive unknown 

proportions using paired t-test). (b) We visualize the estimated unknown proportion 

against the true unknown proportion introduced by the withheld source(s) for unknown 
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proportions 0%~80%. Sink mixtures ranged from consisting of two to three sources and 

up to two sources were withheld to create an environment with unknown quantity.   
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Introduction and motivation: 

Aging is the main risk factor in all leading diseases for mortality after age 28 in humans1, 

and is defined as “the accumulation over time of detrimental changes at the molecular 

and cellular levels, and ultimately at the level of tissues and organs, resulting in disease 

and increased risk of morbidity and mortality”2. It makes sense that in order to extend 

human life expectancy, we must target the root causes of aging1. The nine hallmarks of 

aging are as follows3: 

1) Altered intercellular communication 

2) Genomic instability 

3) Telomere attrition 

4) Epigenetic alteration 

5) Loss of proteostasis 

6) Deregulated nutrient sensing 

7) Mitochondrial dysfunction 

8) Cellular senescence 

9) Stem cell exhaustion  

The gut microbiota In the initial germ-free aging studies performed at Notre Dame 

University in 1966, the researchers noted that germ-free (GF) mice live significantly 

longer, on average, than mice that are conventionally reared (specific-pathogen free, 

SPF)4. While the gut microbiota composition has been associated with aging-related 

decline in humans and mice5, precise mechanisms for how the gut microbiota regulates 

aging-related dysfunction is unknown. The only modern mechanistic study comparing 

aged GF mice to aged SPF mice6 found that (a) a greater proportion of GF mice live to 
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day 600, (b) aging in SPF mice increases intestinal permeability, which reduces with GF 

status in aging, (c) aging in SPF increases circulating pro-inflammatory IL-6, which 

reduces with GF status in aging, (d) increased lung immune infiltration with aging under 

SPF conditions that is ameliorated with GF status in aging. 

Age-related frailty is associated with a reduction in the gut microbiota diversity7, 

but whether these changes are hallmarks of an aging ecosystem or direct factors which 

contribute to aging-associated decline is uncertain. Factors associated with acceleration 

of biological ageing, like chronic inflammation, are strongly affected by the gut microbiota, 

and indeed, aging is characterized by a low-level of inflammation, termed 

“inflammaging”2,6. The following study aims to interrogate and describe the healthspan of 

aged GF vs. SPF vs. ABX mice compared with young SPF controls using gross 

evaluation, frailty assessment, cognitive, metabolic, and ‘omics sequencing and profiling 

technologies.  

METHODS: 

EXPERIMENTAL MODELS AND SUBJECT DETAILS 

Mice 

For the Young SPF cohorts, 6-week-old SPF wild-type C57/BL6J mice (Jackson 

Laboratories) were used, for the Aged SPF and Abx cohorts, 17-month-old SPF wild-type 

C57 BL6/J mice (National Institutes of Aging) were used, and for the Aged GF mice, 18-

month-old germ-free C57 BL6/J mice (Jackson Laboratories) were used. The age 

discrepancy for Aged SPF/Abx mice and Aged GF mice was due to a dietary difference 

between Jackson Laboratories and the National Institutes of Health (NIA). All NIA-

sourced mice were acclimated to the same dietary treatment utilized for Jackson 
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Laboratories for one month as described in the ‘Dietary Treatment’ section below. All 

Aged mice were tested for behavior and frailty metrics at 18 months of age. All mice were 

house in UCLA’s Center for Health Sciences Barrier Facility. Mice were housed in 

autoclaved cages with irradiated food and sterile water and handled aseptically in a BSL2 

biosafety cabinets with autoclaved gloves and sterile consumables. All animal 

experiments were approved by the UCLA Animal Care and Use Committee. 

METHOD DETAILS 

Dietary Treatment 

Aged GF mice and Young SPF mice were fed sterile “breeder” chow (Lab Diets 5K52). 

Aged Abx and Aged SPF mice were raised on Purina LabDiet 5L79 and at 17 months of 

age were placed on Lab Diet 5K52 for one month, followed by behavioral testing. In the 

table below, we note nutrient differences between 5K52 and 5l79 respectively as follows: 

tyrosine (0.56% vs. 0.2%), taurine (0.03% vs. 0.01%), cholesterol (240 ppm vs. 110 ppm), 

linolenic acid (0.37% vs 0.1%), omega 3-fatty acids (0.46% vs. 0.2%), glucose (0.12% vs. 

0.3%), fructose (0.15% vs. 0.3%), sucrose (0.62% vs. 2%), phosphorus (non-phytate) 

(0.68% vs. 0.28%). fluorine (37 ppm vs. 4.4 ppm), copper (11 ppm vs. 22 ppm), chromium 

(2 ppm vs. 0.01 ppm), Vitamin K (20 ppm vs. 3.3 ppm), thiamin hydrochloride (79 ppm 

vs. 500 ppm), pyridoxine (10 ppm vs. 72 ppm), B12 (50 mcg/kg vs. 130 mcg.kg), vitamin 

A (20 IU/gm vs. 44 IU/gm), vitamin D3 (4.3 IU/gm vs. 1.5 IU/gm).  

Nutrients Unit 5K52 5L79 
Protein % 19.3 18.4 

Arginine % 1.03 1.16 

Cystine % 0.25 0.32 

Glycine % 0.94 0.87 
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Histidine % 0.44 0.49 

Isolaucine % 0.87 0.74 

Leucine % 1.52 1.44 

Lysine % 0.97 0.96 

Methionine % 0.73 0.38 

Phenylalanine % 0.85 0.84 

Tyrosine % 0.56 0.2 

Threonine % 0.68 0.66 

Tryptophan % 0.23 0.22 

Valine % 0.9 0.86 

Serine % 0.98 0.98 

Aspartic Acid % 1.8 2.03 

Glyutamic Acid % 4.52 3.94 

Alanine % 1.13 1.09 
Proline % 1.53 1.31 
Taurine % 0.03 0.01 

    
Fat (ether extract) % 6.2 5.7 

Fat (acid hydrolysis) % 7.2 6.8 
Cholesterol ppm 240 110 
Linoleic Acid % 2.88 1.6 
Linolenic Acid % 0.37 0.1 
Arachidonic Acid % 0.01 <0.1 
Omega-3 Fatty Acids % 0.46 0.2 
Total Saturated Fatty Acids % 1.24 1.8 
Total Monosaturated Fatty Acids % 1.37 1.9 

    
Fiber (Crude) % 4.3 4.4 
Neutral Detergent Fiber % 15.1 17.1 
Acid Detergent Fiber % 5.2 5.3 

    
Nitrogen-Free Extract (by 
difference) % 53.6 55.9 
Starch % 38.9 31.9 
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Glucose % 0.12 0.3 
Fructose % 0.15 0.3 
Sucrose % 0.62 2 
lactose % 0 0 

    
Total Digestible Nutrients % 76.3 77.1 

Gross Energy kcal/gm 4.17 4.15 

Physiological Fuel Value kcal/gm 3.47 3.48 

Metabolizable Energy kcal/gm 3.17 3.15 

    
    

Minerals   5K52 5L79 
Ash % 6.5 5.6 
Calcium % 1.17 0.85 
Phosphorus % 0.93 0.61 
Phosphorus (non-phytate) % 0.68 0.28 
Potassium % 0.66 0.95 
Magnesium % 0.22 0.25 
Sulfur % 0.33 0.24 
Sodium % 0.26 0.25 
Chloride % 0.45 0.41 
Fluorine ppm 37 4.4 
Iron ppm 380 200 
Zing ppm 85 150 
Manganese ppm 160 150 
Copper ppm 11 22 
Cobalt ppm 0.8 0.56 
Iodine ppm 2.1 1.9 
Chromium (added) ppm 2 0.01 
Selenium ppm 0.3 0.46 

    
    

Vitamins   5K52 5L79 
Carotene ppm 1.5 0.9 
Vitamin K (as menadione) ppm 20 3.3 
Thiamin Hydrochloride ppm 79 500 
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Riboflavin ppm 9 8.1 
Niacin ppm 90 82 
Panthothenic Acid ppm 37 36 
Choline Chloride ppm 2000 1260 
Folic Acid ppm 1.9 3.5 
Pyridoxine ppm 10 72 
Biotin ppm 0.3 0.3 
B12 mcg/kg 50 130 
Vitamin A IU/gm 20 44 
Vitamin D3 (added) IU/gm 4.3 1.5 
Vitamin E IU/kg 45 79 
Ascorbic Acid mg/gm - trace 
    

Calories Provided By   5K52 5L79 
Protein % 22.238 21.126 
Fat (ether extract) % 16.028 14.725 
Carbohydrates % 61.734 64.149 

 

Open Field Testing 

All mice were habituated in the behavior room for an hour prior to behavioral testing. The 

open field test is widely used to measure anxiety-like and locomotor behavior in rodents. 

Mice were placed in the center of a 50 cm x 50 cm arena for 10 min, during which an 

overhead Basler Gig3 camera and EthoVision XT (Noldus) software was used to measure 

distance traveled, and the number of entries and duration of time spent in the central 17 

cm square area. The boxes were cleaned with 70% ethanol and Accel disinfectant before 

and after each session.  

Object Habituation, Novel Location and Novel Object Testing 

An hour after open field testing, mice were habituated to two identical cups in opposite 

corners of the open field arena for 10 minutes for object habituation. The time spent in 

each object and the nose pokes in each object, each quantified as a 2 cm border around 



 
465 

 
 
 
 

the object, were analyzed to determine whether there was an initial object or size 

preference for any group. For the novel location task, an hour after object habituation, 

one of the identical cups was placed in a different corner of the arena, which represents 

the novel location, while the cup in the familiar location represents the familiar object. The 

time and entries into object were calculated for a 2 cm perimeter around each object.  For 

the novel object task, 1 hour after the novel location task, one object was replaced with a 

new ball object, which represented the novel object, while the previous cup represented 

the familiar object. The time and entries into object were calculated for a 2 cm perimeter 

around each object. 

Frailty Metrics 

All mice were assessed for frailty using metrics as previously published [103, 104], and 

as listed below.  

I. Excessive barbering 

II. Alopecia 

III. Dermatitis 

IV. Loss of whiskers 

V. Coat condition 

VI. Kyphosis 

VII. Tail stiffening 

VIII. Grip strength (see below) 

IX. Body condition 

X. Eye discharge and swelling 

XI. Nasal discharge 



 
466 

 
 
 
 

XII. Rectal prolapse 

XIII. Vaginal/uterine/penile prolapse 

XIV. Breathing rate/depth 

XV. Grimace 

XVI. Cataracts 

XVII. Malocclusion 

XVIII. Tumors/lumps 

XIX. Take a photo from the top of the animal and of the animal’s face 

 
 

RESULTS 

In comparing SPF young mice to Aged SPF, Aged ABX, and Aged GF mice, for the open 

field task aged GF mice exhibit lower numbers of nose pokes to the center region and 

total distance traveled compared to other groups (Figure 56). In habituating mice to 

objects used for novel object task and novel location task, no overt object preference was 

demonstrated across groups (Figure 57). For the novel object task and location task, no 

overt differences were noted between groups (Figure 58). In comparing a battery of 

frailty-associated traits, we find clearance of the gut microbiota prevents aging-induced 

alopecia, deteriorating coat condition, and kyphosis, with no effect noted on other traits 

tested (Figure 59, example images in Figure 60).  

 

Future Directions: 
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In the future, this project will focus on aging and microbiota-associated lipidomic profiling, 

metagenomics on colon contents, and hippocampal RNA sequencing to identify aging 

and microbiota-associated traits for each assay. 
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Figure 56: Open field testing. A) Experimental timeline: Conventionally-colonized 

(specific pathogen free, SPF) mice were aged to 17 months and treated for 30 days with 

antibiotics in the ABX condition (Aged ABX) compared with water controls (Aged SPF). 

1.5 month old SPF mice were used for the Young SPF condition, and mice reared 

germ-free until 18 months of age were used for the GF Aged group. After this period, 

mice were subjected to behavioral testing consisting of open field testing, novel location 

recognition, and novel object recognition, in addition to frailty assessment and rotarod 

testing. B) Percent of time spent in the center region of the arena (n=7-10). C) Nose 

entries into the center region (n=7-10). D) Average velocity of mice during the open field 

task (cm/s) (n=7-10). E) Total distance traveled (m) during the open field task (n=7-10). 
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(Two-way ANOVA with Data are presented as mean ± S.E.M. * p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001. n.s.=not statistically significant. SPF=specific pathogen-

free (conventionally-colonized), ABX= treated with antibiotics, GF=germ-free.  

 
 

 
 
 

Figure 57: Clearance of the gut microbiota during aging does not affect object 

habituation A) Experimental timeline: Conventionally-colonized (specific pathogen free, 

SPF) mice were aged to 17 months and treated for 30 days with antibiotics in the ABX 

condition (Aged ABX) compared with water controls (Aged SPF). 1.5 month old SPF 

mice were used for the Young SPF condition, and mice reared germ-free until 18 

months of age were used for the GF Aged group. After this period, mice were subjected 
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to behavioral testing consisting of open field testing, novel location recognition, and 

novel object recognition, in addition to frailty assessment and rotarod testing. B) Time 

spent (s) with habituating objects during task (n=7-10). C) Entries into each habituating 

object during task (n=7-10). (Two-way ANOVA with Data are presented as mean ± 

S.E.M. * p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n.s.=not statistically 

significant. SPF=specific pathogen-free (conventionally-colonized), ABX= treated with 

antibiotics, GF=germ-free.  
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Figure 58: Clearance of the gut microbiota during aging does not affect novel 

object location or novel location recognition. A) Experimental timeline: 

Conventionally-colonized (specific pathogen free, SPF) mice were aged to 17 months 

and treated for 30 days with antibiotics in the ABX condition (Aged ABX) compared with 

water controls (Aged SPF). 1.5 month old SPF mice were used for the Young SPF 

condition, and mice reared germ-free until 18 months of age were used for the GF Aged 

group. After this period, mice were subjected to behavioral testing consisting of open 
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field testing, novel location recognition, and novel object recognition, in addition to frailty 

assessment and rotarod testing. B) Ratio of time spent with novel object location during 

task (n=7-10). C) Ratio of entries in novel object location during task (n=7-10). D) Ratio 

of time spent with novel object during task (n=7-10). E) Ratio of entries (n=7-10). (Two-

way ANOVA with Data are presented as mean ± S.E.M. * p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001. n.s.=not statistically significant. SPF=specific pathogen-free 

(conventionally-colonized), ABX= treated with antibiotics, GF=germ-free.  

 

 

 

 
 
 
 
Figure 59: Clearance of the gut microbiota prevents aging-induced alopecia, 

deteriorating coat condition, and kyphosis.  For all conditions, scoring was 

performed at the time of sacrifice. Scores are given either as 0, 0.5, or 1, where 1 is the 
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worst subjective score. A) Alopecia scoring (n=7-10). B) Fur color loss scoring (n=7-10). 

C) Dermatitis scoring (n=7-10). D) Loss of whiskers scoring (n=7-10). E) Coat condition 

scoring (n=7-10). F) Growths scoring (n=7-10). G) Distended abdomen scoring (n=7-

10). H) Kyphosis scoring (n=7-10). I) Tail stiffening scoring (n=7-10). J) Gait disorder 

scoring (n=7-10).  K) Cataracts scoring (n=7-10).  L) Corneal opacity scoring (n=7-10). 

M) Eye discharge/swelling scoring scoring (n=7-10). N) Menace scoring (n=7-10). O) 

Nasal discharge scoring (n=7-10). P) Malocclusion scoring (n=7-10). Q) Rectal prolapse 

scoring (n=7-10). R) Vaginal/uterine/penile prolapse scoring (n=7-10). (Two-way 

ANOVA with Data are presented as mean ± S.E.M. * p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001. n.s.=not statistically significant. SPF=specific pathogen-free 

(conventionally-colonized), ABX= treated with antibiotics, GF=germ-free.  

 
 
 

 

 

Figure 60: Example images of mice during frailty assessment. SPF=specific 

pathogen-free (conventionally-colonized), ABX= treated with antibiotics, GF=germ-free. 


