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ABSTRACT OF THE DISSERTATION 

 

Vagal interoception of microbial metabolites from the small intestinal lumen 

 

by 

 

Kelly Jameson 

Doctor of Philosophy in Neuroscience 

University of California, Los Angeles, 2023 

Professor Elaine Yih-Nien Hsiao, Chair 

 

The vagus nerve is proposed to enable communication between the gut microbiome and brain, 

but activity-based evidence is lacking. Herein, we assess the extent of microbial influences on 

vagal activity and metabolite signaling mechanisms involved. We find that mice reared without 

microbiota (germ-free, GF) exhibit decreased vagal afferent tone relative to conventionally 

colonized mice (specific pathogen-free, SPF), which is reversed by colonization with SPF 

microbiota. Perfusing non-absorbable antibiotics (ABX) into the duodenum of SPF mice, but not 

GF mice, acutely decreases vagal activity, which is restored upon re-perfusion with bulk lumenal 

contents or sterile filtrates from the small intestine and cecum of SPF, but not GF, mice. Of 

several candidates identified by metabolomic profiling, microbiome- and diet-dependent short-

chain fatty acids, bile acids, and 3-indoxyl sulfate stimulate vagal activity with varied response 

kinetics, which is blocked by co-perfusion of pharmacological antagonists of FFAR2, TGR5, and 

TRPA1, respectively, into the small intestine. At the single-unit level, duodenal serial perfusion 

of each metabolite class elicits more singly responsive neurons than dually responsive neurons, 

suggesting distinct neuronal detection of different microbiome- and macronutrient- dependent 

metabolites. Finally, microbial metabolite-induced increases in vagal activity correspond with 
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activation of neurons in the nucleus of the solitary tract in the corresponding receptor-dependent 

manner. Results from this study reveal that the gut microbiome regulates select lumenal 

metabolites that differentially activate chemosensory vagal afferent neurons, thereby enabling 

microbial signaling across the gut-brain axis. 

 
 

  



iv 

The dissertation of Kelly Jameson is approved. 

 

 Elissa A. Hallem 

 Emeran Mayer 

 Felix Erich Schweizer  

 Elaine Yih-Nien Hsiao, Committee Chair  

 

 

 

 

 

 

 

 

 

University of California, Los Angeles 

2023 

  



v 

 

 

 

 

 

 

 

 

 

 

 

For my family and friends whose unwavering support made this work possible.  

 

  



vi 

TABLE OF CONTENTS 
 
ABSTRACT OF THE DISSERTATION……………………………………………………………..…ii 

DEDICATION………………………………………………………………………………..…….....…..v 

LIST OF FIGURES………………………………………………………………..………………..…..vii 

LIST OF TABLES…………………………………………………………………….……...………...viii 

ACKNOWLEDGEMENTS………………………………………………………………………………ix 

VITA ………………………………………………………………………………………………..…….xi 

CHAPTER 1: Overview…………………..……………………………………………………………..1 

CHAPTER 2: Linking the Gut Microbiota to a Brain Neurotransmitter………………………..6 

References…………………..………………………………………………………………….11 

CHAPTER 3: Toward Understanding Microbiome-Neuronal Signaling……………………...13 

 Figures and Tables……………………………………………………………………………..26 

References………………………..…………………………………………………………….28 

CHAPTER 4: The Microbiome as a Modifier of Neurodegenerative Disease Risk…………35 

 Figures and Tables………..…………..…………..…………..…………..…………..………59 

 References……..…………..…………..…………..…………..………………………………70 

CHAPTER 5: Vagal Interoception of Microbial Metabolites From the Small Intestinal  

Lumen…………………………………………………………………………………..………91 

 Summary…………………..………………………………………………………………..…..92 

 Introduction…………………..…………………………………………………………….……93 

 Results…………………..………………………………………………………………………94 

 Discussion…………………..………………………………………………………………....102 

 Figures and Tables…………………..……………………………………………………….109 

Materials and Methods…………………..…………………………………………………...126 

           References…………………..………………………………………………………………...131 



vii 

LIST OF FIGURES 
 

Figure 3.1: Microbial interactions with the nervous system through the regulation of dietary 

products, neurotransmitters, uncharacterized biochemicals, and neuromodulatory 

drugs………………………………………………………………………………………….…….….…26 

Figure 4.1: Proposed pathways for microbial modulation of neurodegenerative 

diseases………………………..……………………………………………………………….…..……55 

Figure 5.1: The gut microbiota and lumenal microbial metabolites promote vagal afferent 

activity………………………………………….….…………………………………………….….…..109 

Figure 5.2: The gut microbiome regulates metabolites in the lumen of the small intestine and 

cecum…………………………………………………………………………………….……………..111 

Figure 5.3: Select lumenal microbial metabolites increase afferent vagal nerve activity with 

varied response kinetics………………………………………………………………………………113 

Figure 5.4: Lumenal BAs, SCFAs, and 3IS activate distinct subsets of vagal afferent neurons 

with heterogeneous kinetics.………………………………………………………………………....115 

Figure 5.5: Microbial metabolites alter cFos levels in NTS neurons in a receptor-dependent 

manner...……………………………………………………..…………………………………...........117 

Supplemental Figure 5.1: Microbially-modulated cecal metabolites that were screened for 

effects on afferent vagal nerve activity………………………………………………………………118  

Supplemental Figure 5.2: Lumenal perfusion of select microbially-modulated metabolites does 

not alter vagal afferent nerve fiber activity in vivo………….…………………….........................120 



viii 

LIST OF TABLES 
 

Table 4.1: Microbiome alterations in clinical cohorts and animal models for 

NDs…..…………………………………………………………………...…………………….…..……61 

Table 4.2: Effects of microbiome manipulations in animal models for 

NDs……….………………………………………..……………………...…………………….……….65 

  



ix 

ACKNOWLEDGEMENTS 

 

I would first like to offer my immense gratitude and appreciation for the mentorship I have 

received from Dr. Elaine Hsiao. As one of the first handful of graduate students to enter the lab, 

I have had the distinct pleasure of watching it grow, and have grown myself  personally in ways 

that I could not have thought possible due to your guidance, support, and faith in my abilities. 

You gave me the inspiration to tackle novel experiments in the lab, and supported me 

throughout the ups and downs of seemingly endless optimization. You also allotted me copious 

amounts of opportunity to grow outside of the lab through peer review, writing, and leadership 

opportunities- so for all of that, I thank you for being an amazing mentor throughout this journey. 

I would also like to thank my previous mentors who inspired me to get this degree in the first 

place, and showed me the love I have for research; Dr. Andrew Bean and Dr. Adron Harris. I 

would also like to thank the members of my thesis committee; Dr. Elissa Hallem, Dr. Emeran 

Mayer for all of their invaluable input and feedback regarding sensory neuroscience and clinical 

perspectives surrounding this work, respectively. I would also like to thank my third thesis 

committee member, Dr. Felix Schweizer, for adopting me into his lab during the first few years 

and helping immensely to get all of the electrophysiological experiments off the ground. Your 

guidance and feedback throughout this process has made this work possible, quite literally.  

 

I would like to acknowledge my lab mates past and present for their support, camaraderie, and 

collaboration during my doctoral studies- I could not have done this without y’all! Dr. Geoff 

Pronovost, Dr. Helen Vuong, Dr. Thomas Fung, Dr. Christine Olson, Alonso Iniguez, Dr. Ping 

Fang, Dr. Jon Lynch, Jorge Paramo, Kristie Yu, Sabeen Kazmi, Elena Coley, Dr. Gregory Lum, 

Dr. Gulistan Agirman, Dr. Ezgi Ozcan, Lewis Yu, Celine Son, Michael Quicho, Hannah Espey, 

Julissa Alvarado, Arlene Lopez-Romero. I also cannot express my gratitude enough for my two 

amazing undergraduate mentees who I have missed very much this past year while running the 



x 

last of my IHC: Donya Mazdeyasnan and Emma Leshan. I would also like to acknowledge my 

collaborators from the Masmanidis Lab, Dr. Long Yang.  

 

I would like to acknowledge the animals who gave their lives for the advancement of this work.  

 

Lastly, I would like to thank my friends and family for standing by my side through this journey, 

despite having to hear every single iteration of my elevator pitch in the process. To my parents, 

Gretchen Jameson and Peter Jameson, thank you for always inspiring me to forge my own 

path, and support me in the pursuit of my passion every step of the way. I am so thankful for all 

of the love and guidance you have provided me with throughout not only my life but also 

particularly during this time as a graduate student. To MFLOD, Penguins, Charcuteries, my 

Anderson Crew, Natalie Falkner, and Matthew Didero- Thank you for your endless support and 

ability to make life as a graduate student relatively balanced, haha. I love each and every one of 

you and cannot thank you enough for your friendships that made completing this degree 

possible.   

 

 

  



xi 

VITA 

EDUCATION 
The University of California Los Angeles, Los Angeles, CA     July 2016 – Present 
Neuroscience Interdisciplinary Ph.D. 

• GPA: 3.8 
 
The University of Texas at Austin, Austin, TX                                                        
May 2015 
Bachelor of Science in Neuroscience (Concentration in Psychology)  

• GPA: 3.67 
• University Honors: 2011, 2012, 2013, 2014 

 
HONORS AND AWARDS 
 
Keystone Symposia Future of Science Fund Scholarship November 2021 
 
NIH Ruth L. Kirschstein Predoctoral Individual  June 2020 
National Research Service Award (F31) 
 
Committee Chair, UCLA Neurodegenerative Diseases Symposium  April 2021 
 
Chan-Zuckerberg Initiative Community Project Award April 2019 
 
UCLA Cellular and Molecular Biology Training Grant (T32)                                      May 2018  
 
UCLA Hyde Fellowship                                                                                                 May 2018  
 
College of Natural Sciences Excellence in Neuroscience Research Award April 2015 
 
University of Texas Health Science Center Graduate School for Biomedical        June 2013 
Sciences Summer Research Program Awardee 
 
RESEARCH AND WORK EXPERIENCES 
 
E.Y. Hsiao Lab, University of California, Los Angeles September 2016-September 2023 
Graduate Student Researcher 
 
R.A. Harris Lab, University of Texas at Austin             August 2014 – December 2015 
Undergraduate Research Assistant 
 
A. Bean Lab, University of Texas Heath Science Center at Houston          May 2014 – August 
2014 
Summer Research Program Participant 

 
R. Poldrack Lab, University of Texas at Austin              July 2013 – May 2014 
Undergraduate Research Assistant 
 
 
 



xii 

PUBLICATIONS 

Jameson KG, Kazmi SA, Son C, Mazdeyasnan D, Leshan E, Vuong HE, Paramo J, Romero-
Lopez A, Yang L, Schweizer FE, Hsiao EY. Vagal interoception of microbial metabolites from 
the small intestinal lumen. Submitted, Neuron.  
 
Olson CA, Iñiguez AJ, Yang GE, Fang P, Pronovost GN, Jameson KG, Rendon TK, Paramo J, 
Barlow JT, Ismagilov RF, Hsiao EY. Alterations in the gut microbiota contribute to cognitive 
impairment induced by the ketogenic diet and hypoxia. Cell Host Microbe. (2021). 29(9), 1378-
1392, PMID: 34358434; PMCID: PMC8429275. 
 
Fang P, Kazmi SA, Jameson KG, Hsiao EY. The Microbiome as a Modifier of 
Neurodegenerative Disease Risk. Cell Host Microbe, (2020). 28(2), 201-222. PMID: 32791113; 
PMCID: PMC7430034. 
 
Jameson, K.G., Olson, C.A., Kazmi, S.A., Hsiao, E.Y. (2020). Toward Understanding 
Microbiome-Neuronal Signaling. Mol Cell, (2020). 78(4), 577-583. PMID: 32275853 
 
Jameson, K. G., & Hsiao, E. Y. (2019). A novel pathway for microbial metabolism of 
levodopa. Nat Med, 25(8), 1195-1197. PMID: 31388180 ; PMCID: PMC7004239. 
 
Jameson, K. G., & Hsiao, E. Y. (2018). Linking the Gut Microbiota to a Brain 
Neurotransmitter. Trends Neurosci, 41(7), 413-414. PMID:29933773 ; PMCID: PMC7004240 
 
Truitt JM, Blednov YA, Benavidez JM, Black M, Ponomareva O, Law J, Merriman M, Horani S, 
Jameson K, Lasek AW, Harris RA, Mayfield RD. (2016). Inhibition of IKKbeta Reduces Ethanol 
Consumption in C57BL/6J Mice. eNeuro, 3(5). PMID: 27822501; PMCID: PMC4901333. 
 
Warden A, Truitt J, Merriman M, Ponomareva O, Jameson K, Ferguson LB, Mayfield RD, Harris 
RA. (2016). Localization of PPAR isotypes in the adult mouse and human brain. Sci Rep, 6, 
27618. PMID: 27283430; PMCID: PMC5086799 
	
PRESENTATIONS 
 
Jameson, KG, Kazmi SA , Mazdeyasnan D , Leshan E , Vuong HE , Paramo J , Yang L , 

Masmanidis SC, Schweizer FE, Hsiao EY. Dissecting influences of the gut microbiome on 
vagal neuronal activity. Keystone Symposium: Gut-Brain Axis. March 2022, Banff, AB 
Canada. 

Jameson K, Truitt JM, Merriman M, Horani S, Warden A,  Ponomareva O, Harris RA, Mayfield 
RD. Brain region and cell type-specific expression profile of IKKb in C57BL/6J mice. 38th 
Annual Research Society on Alcoholism Meeting. June 2015, San Antonio, TX. 

Jameson K, Truitt JM, Merriman M, Horani S, Warden S, Ponomareva O, Harris RA, Mayfield 
RD. IKK isoform expression in brain regions associated with alcohol dependence. College of 
Natural Sciences Undergraduate Research Forum. April 2015, Austin, TX. 

Jameson K, Truitt JM, Merriman M, Horani S, Warden A, Ponomareva O, Harris RA, Mayfield 
RD. Brain region and cell type-specific expression profile of IKKb in C57BL/6J mice. 3rd 
Annual Waggoner Center for Alcohol and Addiction Research Advance. March 2015, Austin, 
TX.  



 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 1: Overview 
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 My dissertation research has been primarily focused on elucidating the effects of the 

microbiota and associated metabolites on vagal afferent neuronal activity along the microbiota-

gut-brain axis. In particular, my dissertation work seeks to improve our understanding of the 

following questions: (i) How does the microbiota modify vagal afferent nerve physiology? (ii) 

Does the microbiome acutely regulate vagal afferent fiber activity? (iii) What is the landscape of 

lumenal microbially-modulated metabolites in the small intestinal and cecal lumens? (iv) Which  

classes of lumenal microbial metabolites activate vagal afferent neurons, and through which 

receptor-dependent pathways? (v) Do distinct classes of microbiota- and macronutrient- derived 

metabolites work through shared or distinct subpopulations of vagal neurons? (vi) Does 

receptor-dependent signaling from microbial metabolites in the small intestinal lumen alter 

central nervous system (CNS) activity? 

 The impetus for my graduate work stems from a need to more deeply probe the precise 

mechanisms underlying microbiota-dependent effects on CNS physiology and associated 

behaviors that have been reported to be vagally-mediated. The gut microbiota is an important 

regulator of brain function and behavior, with the capacity to affect neurogenesis, blood brain 

barrier integrity, microglial activation, and symptoms of neurological disease. Despite this 

evidence supporting a “microbiome-gut-brain axis”, the molecular and cellular pathways 

underlying communication between intestinal microbes, associated metabolites, and the brain 

remain unclear. It is hypothesized that the gut microbiota signals directly to the brain via the 

vagus nerve, which contains afferent and efferent fibers that innervate the intestinal epithelium 

and extend into the brainstem. However, direct support for this signaling pathway until recently 

has stemmed largely from studies wherein vagotomy abrogates behavioral alterations in 

response to microbiota perturbation in mice, thus only indicating whether vagal signaling is 

important, not how. Based on these fundamental gaps in knowledge, my dissertation work has 
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therefore aimed to elucidate the precise cell-type specific mechanisms underlying vagally-

mediated interoception along the microbiota-gut-brain axis.  

In Chapter 2, I present a version of the commentary titled, “Linking the Gut Microbiota to 

a Brain Neurotransmitter,” from Trends in Neuroscience. In this work we discuss examples of  

foundational work in the field that contributed to our collective understanding of microbial 

influences on brain physiology, and associated sexual dimorphisms. This work has been 

published as: 

Jameson, K. G., & Hsiao, E. Y. (2018). Linking the Gut Microbiota to a Brain 
Neurotransmitter. Trends Neurosci, 41(7), 413-414. PMID:29933773 ; PMCID: PMC7004240 
 

In Chapter 3, I present a version of the perspective piece titled, “Toward Understanding 

Microbiome-Neuronal Signaling,” from Molecular Cell. In this work we sought to review the 

existing work contributing to our understanding of microbiota-neuron crosstalk in health and 

disease. In particular, we focus on microbial regulation of short-chain fatty acids, 

neurotransmitters, uncharacterized biochemicals, and derivatives of neuromodularory drugs. 

Moreover, we discuss the cumulative state of the field and highlight important limitations in 

technology and gaps in understanding that should be focused on moving forward in order to 

foster scientific advancement. This work is published as: 

Jameson, K.G., Olson, C.A., Kazmi, S.A., Hsiao, E.Y. (2020). Toward Understanding 
Microbiome-Neuronal Signaling. Mol Cell, (2020). 78(4), 577-583. PMID: 32275853 
 
 
 In Chapter 4, I present a version of the literature review titled, “The Microbiome as a 

Modifier of Neurodegenerative Disease Risk,” published in Cell Host & Microbe. In this work we 

discuss roles for the microbiome in aging and neurodegenerative diseases (NDs), as well as 

summarize findings from human studies on microbiome alterations in Parkinson’s Disease, 

Alzheimer’s disease, amyotrophic lateral sclerosis, and Huntington’s disease. Moreover, we 

discuss environmental and genetic animal studies as models for NDs, as well as evaluate the 
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role of immunological, neuronal, and metabolic mechanisms for how the gut microbiota may 

modulate risk for NDs. This work is published as:  

Fang P, Kazmi SA, Jameson KG, Hsiao EY. The Microbiome as a Modifier of 
Neurodegenerative Disease Risk. Cell Host Microbe, (2020). 28(2), 201-222. PMID: 32791113; 
PMCID: PMC7430034. 
 

In Chapter 5, I describe recent work where we aim to assess the extent of microbial 

influences on vagal activity and metabolite signaling mechanisms involved. In these studies we 

first sought to examine the role for the microbiota in modulating vagal afferent nerve physiology 

under homeostatic conditions. In order to address this question we performed baseline whole-

nerve vagal electrophysiological recordings in vivo in specific-pathogen free (SPF) mice 

harboring a complex microbiota, germ-free (GF) mice reared without a microbiota, antibiotic-

treated (ABX) mice wherein the microbiota was depleted in adulthood via oral gavage of 

antibiotics, and conventionalized (CONV) mice reared GF and then re-colonized with donor SPF 

fecal contents in adulthood. Interestingly, we found that GF mice exhibit decreased vagal 

afferent nerve tone relative to SPF mice, which is reversed by colonization. We then sought to 

determine whether or not these effects could be recapitulated acutely. In order to address this 

question we performed in vivo whole-nerve vagal electrophysiology in SPF mice with concurrent 

lumenal perfusion of various stimuli into the small intestine (SI). We found that vagal afferent 

nerve activity decreases with lumenal perfusion of non-absorbable antibiotics, and is restored 

upon re-perfusion with bulk lumenal contents or sterile filtrates from the small intestine and 

cecum of SPF, but not GF, mice. We then sought to elucidate the particular microbially-

modulated small molecules present in such samples that may mediate our observed effects. 

Therefore, we performed global untargeted metabolomics on SI and cecal contents from SPF, 

GF, ABX and CONV mice. We identified hundreds of microbially-modulated metabolites in the 

SI and cecal lumen. We then cross-referenced these metabolites with existing vagal single-cell 

RNA sequencing data to identify candidates to screen with known receptors on vagal neurons. 
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Of several candidates identified, microbiome- and diet-dependent short-chain fatty acids, bile 

acids, and 3-Indoxyl sulfate were found to activate vagal afferents with varied response kinetics. 

Moreover, we found that these effects are ablated by co-perfusion of pharmacological 

antagonists of FFAR2, TGR5, and TRPA1, respectively, into the small intestine. We then 

investigated whether or not there were differences at the single-unit level between vagal 

neuronal responsivity to each metabolite class. In order to do so we performed intravital calcium 

imaging on vagal nodose neuronal cell bodies expressing the calcium indicator GCaMP6s, 

alongside lumenal perfusion of microbial metabolites. We found that serial duodenal-ileal 

perfusion of each metabolite class activates more singly responsive neurons than dually 

responsive neurons, suggesting distinct neuronal detection of different microbiome- and 

macronutrient-dependent metabolites. Finally, we sought to determine whether or not our 

identified signaling pathways result in alterations in CNS neuronal activity. We thus performed 

immunofluorescence experiments in order to detect changes in the immediate-early gene cFos 

in neurons within the nucleus of the solitary tract (NTS), where vagal afferents terminate. We 

reveal that indeed, microbial metabolite-induced increases in vagal activity correspond with 

activation of neurons in the nucleus of the solitary tract in the corresponding receptor-dependent 

manner.   
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Chapter 2: Linking the Gut Microbiota to a Brain Neurotransmitter 
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Abstract 

The past decade has yielded substantial evidence that the gut microbiome modulates 

brain function, including for instance behaviors relevant to anxiety and depression, 

pointing to a need to identify the biological pathways involved. In 2013 Clarke and 

colleagues reported that the early-life microbiome regulates the hippocampal 

serotonergic system in a sex-dependent manner, findings that opened up numerous 

lines of inquiry on the effects of the microbiome on neurodevelopment and behavior. 

 

1. Linking the Gut Microbiota to a Brain Neurotransmitter 

In the early 2000s evidence was mounting for a link between the gut microbiome and stress-

related behaviors. Based on longstanding associations of psychological stress with 

gastrointestinal disorders, Bailey and Coe [1] revealed that early-life stress alters the 

composition of the gut microbiota in rhesus monkeys and that these changes in the microbiota 

correlate with anxiety-related behaviors and serum levels of stress hormones. Sudo et al. [2] 

further demonstrated that mice raised devoid of microbial colonization (germ-free mice) exhibit 

elevated stress hormone responses and decreased hippocampal levels of brain-derived 

neurotrophic factor (BDNF), a protein important for neurogenesis, compared to conventionally 

colonized controls. These phenotypes were reversed by mono-colonizing germ-free mice with 

select gut bacteria, revealing a causal role for the gut microbiota in regulating stress responses. 

In subsequent years several investigators, including Neufeld et al. [3], Diaz Heijtz et al. [4], 

Nishino et al. [5], and Davis et al. [6], extended these studies by examining various models 

including germ-free or antibiotictreated mice, rats, and zebrafish to demonstrate that changes in 

the gut microbiome alter stress-related behaviors across different organisms. To date, anxiety-
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associated changes in exploratory drive and risk avoidance have been the most frequently 

studied host behaviors in microbiota–gut–brain research.  

 

While early work on microbial modulation of anxiety-related behaviors had revealed changes in 

stress hormones and brain BDNF levels, it seemed likely that additional neurotransmitter 

systems or modulators may underlie microbial alterations in host behavior, and insights into 

such pathways were at the time lacking. In 2009, a metabolomics study by Wikoff et al. [7] 

revealed deficiencies in serum serotonin and elevated serum tryptophan in germ-free mice 

compared to conventional controls. This was later corroborated by additional research indicating 

that the gut microbiota regulates peripheral serotonin levels (Sjögren et al. [8], Yano et al. [9]). 

Serotonin is a hormone and 4 excitatory neurotransmitter that is produced in large quantities in 

the gastrointestinal tract, but is most prominently known for its central contributions to anxiety 

and depression. Whether microbial effects on the peripheral serotonergic system were similarly 

seen in the central serotonergic system had not been explored.  

 

The study by Clarke et al. pioneered the efforts to examine effects of the microbiome on the 

brain serotonergic system [10]. It found that germ-free mice display increased levels of 

hippocampal serotonin, hippocampal 5-hydroxyindoleacetic acid (5-HIAA, the main catabolic 

product of serotonin), plasma tryptophan, and decreased tryptophan metabolism to kynurenine, 

as measured by HPLC. This was correlated with decreased expression of hippocampal BDNF. 

These latter findings corroborated previous studies [4,7] by replicating germ-free increases in 

peripheral tryptophan and decreases in hippocampal BDNF expression, respectively.  

 

In addition to revealing a link between the gut microbiota and brain serotonin, the Clarke et al. 

study also highlighted the importance of considering sex in microbiota–gut–brain studies. At the 

time many studies involving the microbiota examined consequences on the immune response 
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particularly in female animals, leaving sexually dimorphic effects largely unconsidered. Prior 

reports of microbial effects on stress response and behavior similarly tended to be performed in 

animal cohorts of only one sex. Interestingly, in the Clarke et al. study the microbiota-mediated 

changes in hippocampal serotonin, 5-HIAA, BDNF, and plasma tryptophan were observed only 

in male mice [10]. This consideration aligned with existing evidence that regulation of the brain 

serotonergic system is sexually dimorphic (Llorente et al. [11]) and contributed to growing efforts 

to examine sex as a biological variable. Today, studies continue to probe for sex-specific effects 

of the microbiome on the host. Notably, Thion et al. [12] recently demonstrated that the absence 

of the microbiome 5 has a sexually dimorphic impact both prenatally and postnatally on 

microglia function and maturation in mice.  

 

The Clarke et al. study [10] strengthened the notion that microbial effects on the brain may be 

dependent on critical periods of host development. To determine whether the neurochemical 

changes seen in germ-free mice could be corrected postnatally, the researchers colonized adult 

mice with a conventional microbiome (also referred to as conventionalization). This 

conventionalization corrected abnormalities in plasma levels of tryptophan and tryptophan 

metabolism through the kynurenine pathway, but had no effect on any of the observed 

hippocampal neurochemical phenotypes. This was consistent with prior work by Sudo et al. [2] 

which revealed that postnatal conventionalization of germ-free mice in adulthood fails to correct 

abnormalities in stress responses. Surprisingly, the altered anxiety-like behavior observed in 

germ-free mice was ameliorated by microbiota colonization despite no effects on brain 

serotonergic phenotypes. These results suggested that alterations in the brain serotonin system 

could be decoupled from altered stressinduced behavior as well as from peripheral serotonin 

metabolism. The work of Clarke et al. [10] contributed to numerous lines of inquiry surrounding 

the role of the microbiome during neurodevelopment. Studies have since elucidated roles for the 
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early-life microbiome in hippocampal neurogenesis, microglial maturation, and neuronal 

myelination [13].  

 

The several early behavioral studies conducted in microbiome-depleted animals have 

positioned the field to begin to consider not only whether the microbiome has effects on 

neurodevelopment and behavior but also, importantly, how. Advances in integrating functional 

genomic and metabolomic data with mechanistic studies in animal models have allowed 

interrogation of how select bacterial species and microbe-derived products affect 6 distinct 

immune, endocrine, and neuronal pathways [13]. In addition, these studies have motivated the 

examination of microbiota–gut–brain interactions in systems more relevant to the human 

condition. In particular, Clarke et al. wrote: 'The current study is limited by the common difficulty 

all germ-free studies have in directly translating the results to the clinical situation where no 

equivalent obliteration of the microbiota can be said to exist' [10]. Approaches involving the 

transplantation of human-derived microbiomes into germfree mice have recently allowed 

researchers to directly investigate the effects of human disease-associated microbes on host 

neurophysiology and behavior [14,15]. Together, these developments better position the field to 

face the current challenge of dissecting the biological circuits that enable bidirectional 

communication between the gut microbiome and the brain. Although a formidable endeavor, 

detailed investigation along this line of inquiry will continue to push the field toward a better 

understanding of how our microbial symbionts influence human biology.  
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Abstract 

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. 

 

1. 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. 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). 
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2. 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 gut-brain axis through dietary modulation (Leulier et al., 

2017). With the advent of germ-free rodent models in the 1920s (Gustafsson, 1946-1947), 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 (Høverstad 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 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 free fatty acid receptors 2 and 3 (FFAR2 and FFAR3, respectively) 

are expressed in the enteric nervous system and 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 
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induces fos expression in the dorsal vagal complex of the brainstem, the hypothalamus, and 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 the microbial regulation of molecules 

relating broadly to nutrition underlies the reported effects of the microbiome on complex host 

behaviors, spanning homeostatic feeding and 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 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. 

 

3. Microbial Regulation of Neurochemicals  
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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 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: 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 a structural similarity to the quorum-sensing molecule autoinducer-3 and 

that, 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 versus GABA-consuming bacteria from the human gut microbiota (Strandwitz et al., 
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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, 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 
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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 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. 

 

4. 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 
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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; also referred to as GPR) 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 to not only discover novel bacterial metabolites 

but also 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. 
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Overall, these studies provide proof of concept that select microbial products could activate 

GPCRs known to be expressed by neurons. 

 

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 capture 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 evaluate the physiological 

consequences of their signaling. Accordingly, greater attention to spatial variations in metabolite 



 22 

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. 

 

5. 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 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 



 23 

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

utilized gnotobiotic, pharmacological, and bacterial genetic approaches to disentangle microbial 

versus 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-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. 
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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 the microbial metabolism of drugs 

for neurological disorders. As a result, it remains unclear whether 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. 

 

6. Conclusions 

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, and 

intersectional genetic and imaging tools, combined with gnotobiotic and bacterial genetic 

systems, can better our understanding 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 
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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 that use 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 used in vivo electrophysiological- and geneticallyencoded 

calcium-indicator-based tools 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 

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. 

  



 26 

Figures and Tables: 

 

Figure 3.1 (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 
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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 anti-

psychotics, anticholinergics, antidepressants, and opioids. Microbial 

transformation of drugs for neurological conditions could alter their 

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 increasingly implicated in modifying susceptibility to and progression of 

neurodegenerative diseases (NDs). In this review, we discuss roles for the microbiome in aging 

and in NDs. In particular, we summarize findings from human studies on microbiome alterations 

in Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis and Huntington’s 

disease. We assess animal studies of genetic and environmental models for NDs that investigate 

how manipulations of the microbiome causally impact the development of behavioral and 

neuropathological endophenotypes of disease. We additionally evaluate the likely immunological, 

neuronal and metabolic mechanisms for how the gut microbiota may modulate risk for NDs. 

Finally, we speculate on cross-cutting features for microbial influences across multiple NDs and 

consider the potential for microbiome-targeted interventions for NDs. 

 

1. Introduction 

Neurodegenerative diseases (NDs) are characterized by progressive functional 

loss of neurons in the central nervous system (CNS) or peripheral nervous system (PNS), 

which leads to long-term motor and/or cognitive impairments. While genetic 

susceptibilities are major risk factors for developing NDs, environmental factors 

experienced throughout life also impact the onset, progression and severity of NDs. For 

example, Parkinson’s disease (PD) has been positively associated with pesticide 

exposure (Menegon et al., 1998) and gastrointestinal infection (Fasano et al., 2015), and 

Alzheimer’s disease (AD) has been increasingly associated with herpes simplex virus 

(HSV) (Itzhaki, 2017). Exactly how genetic and environmental risk factors are conveyed 

to together predispose to NDs remains poorly understood. However, emerging evidence 

suggests that genetically and environmentally-induced alterations in the gut microbiome 
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may contribute in part to ND risk.  

The gastrointestinal tract harbors trillions of microorganisms, collectively called the 

gut microbiota, that is shaped by both host genetics and environmental exposures 

(Lozupone et al., 2012), and that profoundly modulates the development and function of 

the CNS and PNS across model organisms (Fung et al., 2017). Relevant to aging-related 

disorders, like some NDs, the composition and activity of the gut microbiota changes over 

the lifespan, and manipulating the gut microbiota in animal models alters aging-

associated immune function, metabolic activity and ultimately longevity (Kundu et al., 

2017). Additional environmental risk factors for NDs, such as diet, chemical exposures 

and infection, also shape the gut microbiota in humans and animal models. Consistent 

with this, an increasing number of studies report changes in the microbiota in individuals 

with PD, AD, amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD), as well 

as in a subset of animal models for these disorders (Table 1). Across animal models for 

NDs, disruptions in the gut microbiome can positively or negatively impact the 

manifestation of neuropathological and behavioral endophenotypes of disease. While 

precise mechanisms underlying these phenomena remain unclear, microbial modulation 

of neuroimmune function, sensory neuronal signaling and metabolic activity are 

implicated. Altogether, these findings raise timely interest in how the microbiome is 

shaped by risk factors for NDs, how functional activities of the microbiome impact the 

nervous system and how microbiome-gut-nervous system interactions may predispose 

to NDs.   

 

2. The Gut Microbiome on Aging and Longevity 
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Preceding interest in the microbiome and aging-related NDs were several 

pioneering studies on the gut microbiome and healthy aging. Aging is commonly 

accompanied by chronic inflammation, increased intestinal permeability, impaired 

digestion and disrupted nutrient absorption, each of which exhibits bidirectional 

interactions with the gut microbiome. Consistent with these interactions, a preponderance 

of sequencing studies reports shifts in the composition of the gut microbiota from 

adulthood to old age (Langille et al., 2014; O'Toole and Jeffery, 2015). However, there is 

little consensus on the particular aging-associated taxa found across these studies. For 

example, increases in Bacteroidetes were correlated with aging in some studies 

(Claesson et al., 2011; Odamaki et al., 2016), whereas decreases in Bacteroidaceae, 

Lachnospiraceae and Ruminococcaceae, and increases in Akkermansia, Bifidobacterium 

and Christensenellaceae were reported in another (Biagi et al., 2016). Aside from 

differences in study design and technical approaches, several confounding factors are 

likely to play a role. In a study of hospitalized elderly and healthy controls, for example, 

medication-intake correlated negatively with Massilia and Lachnospiraceae and positively 

with Bradyrhizobium, Coprobacter, Helicobacter and Prevotella (Ticinesi et al., 2017). In 

a sixty-year longitudinal study, married individuals exhibited greater microbial diversity 

and richness compared to individuals living alone (Dill-McFarland et al., 2019), which may 

be related to reported influences of social interaction on the gut microbiota.   

Given the technical challenges of conducting mechanistic aging-related research 

in humans, animal models have been particularly useful for demonstrating proof-of-

principle for microbial effects on aging. Manipulation of the gut microbiota can modify 

lifespan across rodents, fish, flies and worms (Gordon et al., 1966; Lee and Hase, 2014; 
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Obata et al., 2018; Smith et al., 2017; Thevaranjan et al., 2017). In Drosophila 

melanogaster, age-related alterations in the gut microbiota preceded and predicted age-

associated intestinal barrier dysfunction and subsequent decline (Clark et al., 2015). 

Specific depletion of Acetobacter from the gut in response to early life oxidant exposure 

extended longevity (Obata et al., 2018), whereas overgrowth of Lactobacillus plantarum 

shortened lifespan via lactic acid-mediated overproduction of reactive oxygen species 

(Iatsenko et al., 2018). In the African turquoise killifish, transplanting microbiota from 

young donors into middle-aged recipients extended lifespan, which correlated with 

engraftment of Exiguobacterium, Planococcus, Propionigenium and Psychrobacter 

(Smith et al., 2017). Consistent with reported age-associated reductions in Akkermansia 

muciniphila in mice and humans (Fransen et al., 2017; Langille et al., 2014; Sovran et al., 

2019), supplementation of A. muciniphila to the LmnaG609G/G609G mouse model of progeria  

significantly extended lifespan (Barcena et al., 2019). While little is known regarding the 

exact molecular and cellular mechanisms underlying these distinct phenomena, several 

studies suggest that microbial modulation of immune homeostasis may be involved. 

Germ-free mice colonized with microbiota from old, but not young, conventional mice 

displayed elevated inflammatory cytokines in the serum and higher intestinal permeability, 

suggesting that aging-associated changes in the gut microbiota enhance systemic 

inflammation (Thevaranjan et al., 2017). Consistent with this, impaired proliferation of B 

cells in the Peyer’s patches of aged mice was corrected by fecal microbiota 

transplantation from young mice (Stebegg et al., 2019), indicating protective effects of the 

microbiota from young mice against aging-associated immune dysregulation. These 

foundational studies on roles for the microbiome during normal aging highlight temporal 
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changes in the microbiome that impact healthspan and lifespan, likely through immune 

and stress responses. They further pave the way for active interest in microbial influences 

on aging-related disorders, including subsets of NDs.   

 

3. The Gut Microbiome and Parkinson’s Disease 

Of all NDs, PD has the richest history of interest in peripheral contributions to 

central neural dysfunction. PD is a multifactorial neurodegenerative disease, believed to 

be caused by both environmental and genetic risk factors. It is characterized by the 

presence of neurotoxic alpha-synuclein inclusions, known as Lewy bodies, that result in 

striatal dopaminergic cell death and motor deficits. A role for the GI tract in the 

pathogenesis of PD has been hypothesized since the 1980’s when Lewy bodies were first 

observed in enteric tissues from PD patients (Wakabayashi et al., 1988). In the years to 

follow, Braak and colleagues went on to characterize the topographical spread of alpha-

synuclein inclusions, noting that regions receiving input from peripheral nerve fibers such 

as the dorsal vagal brainstem motor nuclei and olfactory bulb are affected early on (Braak 

and Braak, 2000; Braak et al., 2002; Braak et al., 2000). These observations lead to the 

development of the “dual-hit” staging hypothesis, suggesting that PD pathology originates 

in the periphery where it is seeded before translocating to the brain (Hawkes et al., 2007). 

In line with this hypothesis, many PD patients experience hyposmia and gastrointestinal 

issues prior to the onset of motor symptoms, and patients with inflammatory bowel 

disease (IBD) are at a greater risk of developing PD (Cersosimo and Benarroch, 2012; 

Peter et al., 2018; Pfeiffer, 2011).  

In the past decade, this interest in gastrointestinal associations with PD has 
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extended to include alterations in the gut microbiota as a potential disease biomarker 

and/or disease modifier. Clinical studies profiling the microbiota of PD patients reported 

many alterations relative to healthy controls, including increases in the relative abundance 

of Bifidobacterium (Hasegawa et al., 2015; Peng et al., 2018), Lactobacillus (Hasegawa 

et al., 2015; Petrov et al., 2017), and Verrucomicrobiaceae (Hasegawa et al., 2015; 

Petrov et al., 2017; Unger et al., 2016). Consistent with the latter, increases in the 

abundance of Akkermansia have been widely reported in individuals with PD (Hill-Burns 

et al., 2017; Keshavarzian et al., 2015; Scheperjans et al., 2015; Unger et al., 2016). 

Decreases in Blautia and Coprococcus (Bedarf et al., 2017; Hasegawa et al., 2015; Unger 

et al., 2016), as well as Prevotellaceae (Hasegawa et al., 2015; Heintz-Buschart et al., 

2018; Hill-Burns et al., 2017) have also appeared across studies. One metagenomic study 

reported that increased abundance of A. municiphila, Prevotella copri, and Eubacterium 

in L-DOPA-naïve patients correlated with alterations in microbial metabolism of 

tryptophan and beta-glucoronide (Bedarf et al., 2017). Interestingly, a longitudinal study 

assessing the temporal dynamics of microbiota composition during the development of 

PD indicates that microbial changes remain relatively stable over years following the 

onset of PD symptoms (Aho et al., 2019). Despite these advances, there remain many 

contradictory findings likely due to inter-study variability in patient cohort design, DNA 

preparation and sequencing methodology, and data analysis relative to confounding 

variables. Rigorous, standardized methodology and study design are thus required in 

order to draw stronger conclusions regarding whether there exist common microbiome 

signatures for PD.  

 Changes in the gut microbiota are also seen in some genetic and pharmacological 
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animal models with face and construct validity for PD. In one study, mice overexpressing 

human alpha-synuclein (ASO) exhibited reduced Verrucomicrobiaceae, which contrasts 

the increased levels of this taxon reported in some aforementioned human studies 

(Gorecki et al., 2019). When raised as germ-free or treated with antibiotics in order to 

deplete the microbiota during adulthood, ASO mice displayed improved motor function 

compared to transgenic littermates harboring a complex microbiota (Sampson et al., 

2016), which suggested that ASO-associated alterations in the microbiota contribute to 

motor symptoms of PD. Furthermore, transplantation of ASO mice with human microbiota 

from PD patients induced more severe motor dysfunction and reactive microglia relative 

to mice transplanted with human microbiota from healthy controls, suggesting that select 

human-derived microbes from PD patients can exacerbate motor deficits and 

neuroinflammation in mice (Sampson et al., 2016). In a rat model for PD, chronic 

treatment with the pesticide, rotenone, altered the small intestinal and colonic microbiota, 

with significant increases in Actinobacteria and Proteobacteria, but decreases in 

Bacteroidetes and Cyanobacteria. Alongside these observed shifts, their model was able 

to reproduce symptoms of gastroparesis before the development of nigrostriatal 

pathology (Johnson et al., 2018). Mice receiving similar exposures to rotenone show 

decreases in the relative abundance of Bifidobacterium and alterations in associated 

metabolic pathways  such as glycosaminoglycan degradation in the cecum (Perez-Pardo 

et al., 2018). Another neurotoxin model for PD involving low-dose, chronic administration 

of methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) also alters the microbiota, 

increasing Prevotellaceae and Erysipelotrichaceae  while  decreasing Lachnospiraceae  

(Lai et al., 2018). Another group reported similar changes, where MPTP-treated mice 



 43 

exhibited decreased Firmicutes and Clostridiales and increased Proteobacteria, 

Turicibacterales, and Enterobacteriales (Sun et al., 2018). Notably, transplantation of the 

MPTP-associated microbiota into conventional mice impaired motor function and reduced 

striatal dopamine levels relative to controls. Additionally, administration of a single 

bacterium, Proteus mirabilis, to mice was able to exacerbate MPTP-induced motor 

deficits, dopaminergic neuronal damage, and inflammation in brain structures relevant to 

PD such as substantia nigra (Choi et al., 2018). Altogether, these studies indicate that 

alterations in the gut microbiome can contribute to the presentation of PD-associated 

endophenotypes in animals.  

 

3.2 The Microbiome and Intestinal Inflammation in PD 

Exactly how the microbiome may impact PD-related symptoms remains unclear. 

However, several lines of inquiry are now converging on the notion that microbial 

regulation of intestinal inflammation may be involved. Some PD patients experience 

gastrointestinal disturbances, such as chronic gastritis and constipation, several years 

prior to the onset of motor symptoms, leading scientists to consider gastrointestinal issues 

as early prodromal features of PD in subsets of patients (Cersosimo and Benarroch, 

2012; Pfeiffer, 2011). In a large Danish cohort where individuals with inflammatory bowel 

disease (IBD) were tracked over 30 years, IBD patients exhibited a 22% increase in PD 

incidence compared to the unaffected controls (Villumsen et al., 2019). In this clinical 

investigation, patients with ulcerative colitis exhibited a significantly higher risk of PD 

compared to patients with Crohn's disease (Villumsen et al., 2019). In a nationwide 

Swedish cohort, the incidence of PD was 30% higher in the individuals with IBD compared 
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to those without IBD (Weimers et al., 2019). Another study of an American cohort also 

observed elevated risk of PD in patients with IBD compared to non-IBD individuals (Peter 

et al., 2018). Accordingly, alpha-synuclein  accumulation was observed in the submucosal 

layer of the intestine in PD patients with colitis (Grathwohl et al., 2019), providing a 

potential link between IBD and PD pathology. Notably, the IBD patients who received 

anti-TNF therapy had a 78% reduction in the incidence of PD, suggesting that 

suppressing peripheral inflammation may protect against PD (Peter et al., 2018). While 

the biological links between intestinal autoimmune disease and PD remain elusive, 

genetic studies of IBD and PD have converged on some shared genetic risk factors. For 

example, mutations in the kinase domain of leucine-rich repeat kinase 2 (LRRK2) has 

been identified in both the IBD patients and PD patients, with the N2081D mutation found 

in IBD and the G2019S mutation representing the most common monogenic cause of PD 

(Hui et al., 2018). Notably, both N2081D and G2019S mutations result in increased kinase 

activity of LRRK2, which is associated with impaired function of autophagy and lysosomal 

formation (Hui et al., 2018). Overall, these studies reveal associations between PD and 

IBD, a condition for which the gut microbiome is strongly implicated (as reviewed in 

(Johnson et al., 2019)). 

An increasing number of animal studies provide causal evidence that intestinal 

disruptions can trigger PD-related pathology. For example, intestinal injury by dextran 

sodium sulfate triggered the aggregation of alpha-synuclein in enteric neurons and 

dopaminergic neurons of the substantia nigra, ultimately leading to neuronal degeneration 

in aged alpha-synuclein transgenic mice (Grathwohl et al., 2019). In ASO mice, 

lipopolysaccharide injection reduced intestinal barrier integrity and expedited the onset of 
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motor symptoms (Gorecki et al., 2019). Intestinal infection of Pink1-/- mice with Citrobacter 

rodentium induced severe motor deficits and loss of striatal dopaminergic axons as 

compared to uninfected Pink1-/- mice and  infected wildtype littermates (Matheoud et al., 

2019), suggesting interactions between intestinal inflammation and genetic risk for PD. 

Moreover, in rotenone-treated mice, depletion of Toll-like receptor (TLR) 4 ameliorates 

rotenone-induced intestinal infiltration of CD3+ T cells and intestinal dysfunction, as well 

as rotenone-induced motor deficits and loss of dopaminergic neurons (Perez-Pardo et 

al., 2019). These studies provide proof-of-principle that intestinal inflammation can induce 

or exacerbate behavioral and pathological symptoms in mouse models of PD. Additional 

research is needed to examine potential relationships between the microbiome, intestinal 

disease and PD, and to further determine whether microbial regulation of peripheral 

immunity may underlie any of the existing links between the microbiome and PD in 

humans and animal models. 

 

3.3 The Microbiome and Amyloidogenesis in PD 

Beyond potential immune-mediated pathways linking the microbiome to PD-

related neurophysiological and behavioral symptoms, several studies suggest that select 

microbes and microbial products could stimulate alpha-synuclein aggregation, leading to 

the presence of neuronal inclusions comprised of misfolded alpha-synuclein protein. Early 

clinical characterization of Lewy body pathology in postmortem brains of sporadic PD 

patients by Braak and colleagues uncovered particular regions susceptible to aggregates 

at different stages in the development of PD. It was reported that CNS Lewy body 

pathology first arises in the olfactory bulb and dorsal vagal brainstem nuclei, followed by 
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midbrain structures such as substantia nigra, ultimately spreading to cortical structures 

during later stages of disease (Braak and Braak, 2000; Braak et al., 2002).  However, 

later histological examination of post-mortem intestinal tissue from non-symptomatic 

elderly patients uncovered the early presence of Lewy bodies in the intestine, in the 

absence of Parkinsonian motor symptoms (Bloch et al., 2006; Braak et al., 2006; 

Shannon et al., 2012). These findings led to Braak’s “dual-hit” staging hypothesis, 

suggesting that sporadic PD arises from ingestion of an unknown pathogen through the 

nasal cavity that is subsequently swallowed and responsible for seeding Lewy body 

pathology in the periphery before ultimately traveling to the CNS (Braak et al., 2003; 

Hawkes et al., 2007).   

Subsequent studies in animal models of PD have supported this hypothesis, 

demonstrating the presence of intestinal alpha-synuclein during disease (Drolet et al., 

2009; Kelly et al., 2014; Wang et al., 2012) that coincides with alterations in gastric motility 

and permeability (Kelly et al., 2014). Further, intestinal injection of alpha-synuclein pre-

formed fibrils (PFFs) (Pan-Montojo et al., 2010) or alpha-synuclein from human brain 

isolates (Holmqvist et al., 2014) results in the appearance of CNS inclusions. Duodenal 

inoculation of alpha-synuclein PFFs to aged ASO mice leads to loss of striatal dopamine 

in the mid brain (Challis et al., 2020). Together, these data implicate the ability for 

peripheral alpha-synuclein aggregation to propagate to the CNS and induce PD-related 

pathology. As alpha-synuclein overexpression is associated with alterations in vagal 

neuronal gene expression (Noorian et al., 2012), the dorsal motor vagal nucleus is one 

of the first brain regions in which Lewy bodies appear, and there is a decreased risk of 

developing PD in vagotomized patients (Svensson et al., 2015). The vagus nerve 
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possesses dense varicose projections to the intestinal villi of the small intestine, situating 

its terminals immediately adjacent to the intestinal lumen whereby the members of the 

host microbiota reside. One proposed mode of transport is via trans-neuronal propagation 

of alpha-synuclein along the vagus nerve. Indeed, alpha-synuclein released from enteric 

neurons or alpha-synuclein PFFs injected into the gastrointestinal tract are unable to 

reach the brain following vagotomy (Kim et al., 2019; Pan-Montojo et al., 2012; Uemura 

et al., 2018), suggesting a role for the vagus nerve in propagating alpha-synuclein spread 

from the periphery to the brain in a prion-like manner.  

CNS alpha-synuclein burden is decreased in germ-free animals lacking a 

microbiome compared to specific-pathogen free mice harboring a complex microbiome 

(Sampson et al., 2016). One possible mechanism by which the microbiota may contribute 

to the development of PD alpha-synuclein pathology is through pathogenic cross-

seeding, whereby one amyloidogenic protein causes another to adopt a beta-sheet 

structure, between alpha-synuclein and bacterial amyloids, such as curli in Escherichia 

coli in the gut. Curli are highly-conserved surface organelles that mediate binding of 

bacteria to soluble matrix proteins (Olsen et al., 1989). Additionally, the key element, 

CsgA, contains amyloidogenic peptide repeat motifs shared by human prions (Miraglia et 

al., 2018). Two genes in the curli operon, CsgE and CsgC, have been shown to modulate 

alpha-synuclein formation (Chorell et al., 2015) and oral administration of curli-producing 

bacteria, but not curli-deficient mutant strains, to wild-type rats results in intestinal 

accumulation of alpha-synuclein (Chorell et al., 2015). A recent study reproduced these 

findings in mice overexpressing alpha-synuclein, and additionally demonstrated that 

introduction of curli-producing bacteria to a healthy, complex human microbiota 
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exacerbated alpha-synuclein pathology and behavioral abnormalities in a CsgA-

dependent manner (Sampson et al., 2020). These findings correlated with morphological 

alterations in midbrain microglia, suggesting an inflammatory state. However, curli are 

also considered microbial-associated molecular patterns and are recognized by TLRs to 

induce activation of the innate immune system (Chorell et al., 2015). Due to the role of 

inflammation in facilitating alpha-synuclein aggregation, more research is needed to 

determine whether bacterial amyloids from the gut microbiome may act to either directly 

or indirectly to increase peripheral alpha-synuclein aggregation. This amyloid hypothesis 

has also recently been extended to non-proteinaceous metabolites that are able to form 

fibrillar amyloid-like assemblies that seed alpha-synuclein aggregation in vitro (Tavassoly 

et al., 2018) . Due to the vast array of metabolic biotransformations carried out by the 

microbiota, additional efforts are warranted to evaluate effects of microbially-modulated 

metabolites on amyloidogenesis. 

 

4. The Gut Microbiome and Alzheimer’s Disease 

 In addition to PD, the gut microbiome is increasingly implicated in the manifestation 

of AD-related symptoms. AD is characterized by the accumulation of extracellular Aβ 

plaques and intracellular hyperphosphorylated tau tangles in the brain. The overwhelming 

burden of these amyloid deposits leads to neuronal loss and brain atrophy resulting in 

cognitive and motor decline. A few lines of evidence motivate interest in the microbiome 

and AD. From fundamental behavioral observations in laboratory animals, several studies 

reveal that manipulations of the microbiome, like germ-free rearing, antibiotic-treatment 

and severe dietary alterations, alter learning and memory-related behavior. In addition, 
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the microbiome is emerging as an important regulator of the development and function of 

the neuroimmune system (Fung et al., 2017), which is implicated in AD among several 

other neurological disorders (Giau et al., 2018; Kowalski and Mulak, 2019). As yet, 

however, there is only some evidence of microbiome alterations in human AD. In one 

study, decreases in the Negativicutes and Lachnospirceae and an increase in 

Ruminococcaceae were seen in AD participants compared to healthy controls (Zhuang 

et al., 2018). In another study, analysis of fecal samples obtained from AD participants 

reported alterations in the gut microbiota with decreased relative abundance of 

Ruminococcaceae, Turicibacteraceae, Peptostreptococcaceae, Clostridiaceae, and 

Mogibacteriaceae and increased relative abundance of Bacteroidaceae and 

Rikenellaceae compared to the healthy control group (Vogt et al., 2017). Notably, 

increases in bacterial abundance were correlated with alterations in cerebrospinal fluid 

(CSF) biomarkers suggestive of increased amyloid burden in the brain. In particular, 

elevated abundance of Bacteroides and Blautia corresponded to a decrease in CSF 

Ab42/Ab40 and increase in CSF p-tau and p-tau/Ab42 (Vogt et al., 2017). Microbiome 

profiling of mouse models for AD has also suggested alterations in the gut microbiota. 

Fecal samples from the 5xFAD and APP/PS1 mouse models for AD exhibited increased 

Firmicutes and decreased Bacteroidetes relative to wildtype controls (Brandscheid et al., 

2017; Zhang et al., 2017a). In the 5xFAD mouse model, Firmicutes increased from 6 

weeks of age to 18 weeks while Bacteroidetes decreased (Brandscheid et al., 2017). In 

the APP/PS1 mouse model, Proteobacteria doubled in relative abundance by 6 months 

of age, and Verrucomicrobia increased by 6-fold by 12 months of age (Zhang et al., 2017). 

However, a longitudinal study of the microbiota in the P301L tau mouse model of AD 
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reported the opposite relationship, wherein the abundance in Bacteriodetes increased 

starting at 3 months of age while Firmicutes decreased (Sun et al., 2019a). By 10 months 

of age, Candidatus_saccharimonas, Alistipes, Rikenella, Odoribacter, Blautia, 

Ruminococcaceae, Eubacterium_xylanophilum, Paraprevotella, Butyricicoccus, and 

Parvibacter were among the bacteria that were negatively associated with tau pathology 

in the brain. In contrast, Bacteroides, Parabacteroides, Escherichia-Shigella, and 

Clostridium_innocuum were positively correlated with tau pathology. Across these studies 

examining the microbiota in human AD and AD mouse models, there is as yet no clear 

microbial signature for AD.  

 

4.2 The Microbiome and Neuroinflammation in AD 

Despite limited evidence for a defined shift in the composition of the microbiota in 

human AD and AD mouse models, a growing number of studies report that manipulating 

the gut microbiota impacts the severity of Aβ pathology and cognitive impairment in 

genetic models for AD. Several of these studies suggest that microbial regulation of 

neuroimmunity may contribute. For example, rearing APP/PS1 mice as germ-free 

resulted not only in reduction of Aβ aggregates in the brain, but also a 40% decrease in 

Iba-1 positive microglia leading to an overall decrease in neuroinflammation compared to 

conventionalized mice (Harach et al., 2017). The pro-inflammatory cytokine IL-1β was 

also significantly decreased by 36% in germ-free APP/PS1 mice compared to 

conventionally colonized APP/PS1 controls. Another study using antibiotics to acutely 

deplete the microbiota of APP/PS1 mice saw similar results. One week of antibiotic 

treatment led to a decrease in Aβ load and down regulation of pro-inflammatory cytokine 
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IL-6 compared to the vehicle-treated group (Minter et al., 2017). These alterations 

corresponded with reductions in numbers of plaque-associated microglia and astrocytes, 

suggesting that depletion of the microbiome reduced neuroinflammation and gliosis in the 

brain. Tg2576 mice, which express a variant of human amyloid precursor protein, 

exhibited an aging-related increase in intestinal Bacteroides fragilis relative to wildtype 

controls. Notably, administering B. fragilis to APP/PS1 mice promoted Aβ plaque 

deposition in the cortex, which was rescued by calorie restriction (Cox et al., 2019). While 

exact mechanisms are unknown, the findings appear to counter existing literature 

reporting that B. fragilis elicits immunosuppressive effects that may ameliorate symptoms 

of other neurological diseases. Overall, these studies provide some evidence that large 

alterations in the gut microbiota can influence the progression and manifestation of AD-

related features in genetically susceptible animals. 

  

4.3 Infection and AD 

 While many studies on the microbiota and AD focus on symbiotic microorganisms 

indigenous to the gut, a growing body of literature links AD to bacterial and viral 

pathogens. RNA sequencing of brain tissue from deceased patients with a variety of 

neurodegenerative diseases revealed the presence of infectious agents in the CNS 

(Bennett et al., 2019). For AD in particular, reads aligning to Toxoplasmosis gondii, 

Trichinella sp. T6, Babesia microti, Borrella burgdorferi, Porphyromonas gingivalis, and 

Treponema denticola were observed in samples of the frontal cortex from post-mortem 

AD brains. Similarly, another transcriptomics study mapped HSV6 and 7 to multiple brain 

regions in AD patients (Readhead et al., 2018), which aligns with multiple case and 
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epidemiological studies on HSV and AD. This could be due to direct interactions between 

neurotropic viruses and amyloids, as HSV1 was capable of catalyzing Aβ plaque 

formation by binding Aβ-peptides using the protein corona (Ezzat et al., 2019). In addition, 

data from the National Health and Nutrition Examination Surveys database revealed a 

positive association between AD mortality and H. pylori (Beydoun et al., 2018). One study 

showed that H. pylori is able to induce tau hyperphosphorylation by activating the tau 

kinase glycogen synthase kinase-3β (Wang et al., 2015). Additional studies reported that 

Aβ precursor was upregulated in tissues from AD patients with periodontitis relative to 

unaffected AD controls (Nezu et al., 2017). Consistent with this, across several mouse 

models for AD, infection with Porphyromonas gingivalis exacerbated AD pathology 

resulting in an increase in neuroinflammation, neurodegeneration and amyloidosis 

(Dominy et al., 2019; Ilievski et al., 2018; Ishida et al., 2017). This evidence linking 

bacterial and viral infection to AD may be related to some studies proposing that native 

function of Aβ is an antimicrobial peptide involved innate immune defense (Moir et al., 

2018). Whether the gut microbiome may play a role in regulating host responses to AD-

associated infections remains poorly understood.       

 

5. The Gut Microbiome in Amyotrophic Lateral Sclerosis and Huntington’s Disease 

ALS is a fatal neurological disease accompanied with the progressive 

degeneration of motor neurons in the brain and spinal cord. A few studies have compared 

the gut microbial composition in patients with ALS and healthy controls and highlighted 

certain species. In an investigation of 37 patients with ALS and 29 healthy familial 

controls, metagenomic sequencing of gut microbiome revealed a significantly distinct 
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microbial composition compared with healthy controls, among which the abundance of 

Anaerostipes hadrus, Bacteroidales bacterium, Bifidobacterium pseudocatenulatum, are 

marginally increased whereas Clostridium leptum and Escherichia coli are marginally 

decreased in ALS-patients compared to non-affected controls (Blacher et al., 2019). In 

addition, reduced levels of nicotinamide (NAM), correlated with decreased abundance of 

Bifidobacterium pseudocatenulatum, was observed in the serum and CSF of patients with 

ALS by metabolomic analysis (Blacher et al., 2019). Another study of 6 ALS-patients 

highlights the reduced ratio of Firmicutes/Bacteroidetes in fecal microbiota of ALS-

patients, accompanied with increased abundance of Dorea and decreased abundance of 

Oscillibacter, Anaerostipes and Lachnospiraceae (Fang et al., 2016). By contrast, a study 

involving 25 ALS-patients did not find significant differences in the gut microbial 

composition between ALS patient and healthy controls, even though an increase of the 

overall number of microbial species was observed in ALS patients compared with healthy 

control (Brenner et al., 2018). The contradictory results from different studies may be due 

at least in part to the limited power of the studies, which highlights the need for systematic 

investigation of the microbiota in large cohorts of ALS patients and controls. 

In addition to independent studies reporting correlations between microbiota 

composition and ALS, one study reported a role for the microbiota in protecting against 

ALS symptoms in the Sod1 transgenic mouse model. Depletion of gut microbiota by 

broad-spectrum antibiotics exacerbated the motor deficits in Sod1 mice, as evaluated in 

the rotarod test and wire-hanging test (Blacher et al., 2019). In line with this, Sod1 mice 

reared as germ-free exhibited higher mortality rates than those raised as conventionally 

colonized. This contrasts findings from mouse models of PD and AD, where absence of 
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the microbiota abrogates pathology and behavioral abnormalities. 16S rRNA sequencing 

and shotgun metagenomic sequencing revealed that Sod1 mice exhibited reduced 

abundance of A. muciniphila compared to wildtype littermates. Colonizing antibiotic-

treated Sod1 mice with A. muciniphila not only extended lifespan but also ameliorated the 

brain atrophy and motor deficits of the mice. Consistent with the association of reduced 

NAM with ALS incidence in a companion clinical study, increased levels of NAM were 

observed in the sera of Sod1 mice administered A. muciniphila, and administering NAM 

to Sod1 mice recapitulated the protective effect of A. muciniphila (Blacher et al., 2019). 

Overall, this study suggests that gut microbes can regulate motor and neurophysiological 

endophenotypes of ALS by altering the systemic bioavailability of select metabolites. The 

findings contribute to growing interest in uncovering functions for previously 

uncharacterized metabolites that are regulated by the gut microbiome.   

 Similar links between the microbiota and HD are just beginning to be explored. HD 

is a progressive neurological disorder caused by a trinucleotide expansion in the 

huntingtin gene, which causes death of neurons in various brain regions, leading to 

chorea and abnormal alterations in behavior, emotion and cognition. While no studies to 

date have sequenced the human gut microbiome from HD patients, one study reported 

the presence of various fungal and bacterial species in the striatum of HD patients, 

including Candida, Pseudomonas, Acinetobacter, and Burkholderia (Alonso et al., 2019). 

While the study suggests that microbial infection may be associated with HD, the 

technical contamination of brain tissue needs to be excluded. Another study compared 

the gut microbiota in the R6/1 mouse model of HD with wildtype littermates and reported 

sexual dimorphism in the bacterial signature of R6/1 mice. An increase in Bacteroidales, 
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Lactobacillales and a decrease in Clostridiales were observed in male R6/1 mice, while 

an increase in Coriobacteriales, Erysipelotrichales, Bacteroidales, Burkholderiale and a 

decrease in Clostridiales were observed in females. In addition, male R6/1 mice show 

higher microbial diversity compared to both female R6/1 mice and wildtype littermates 

(Kong et al., 2018). Whether these microbiota alterations contribute to symptoms of the 

R6/1 model remain unclear. However, in the BACHD model, mice reared as germ-free 

exhibited reduced levels of myelin-related proteins and decreased numbers of mature 

oligodendrocytes in the prefrontal cortex compared to mice reared conventionally-

colonized (Radulescu et al., 2019). This generally aligns with findings from the Sod1 

model, where absence of the microbiota exacerbates endophenotypes of disease. 

Additional studies are warranted to replicate and extend interrogations into the microbiota 

in ALS and HD, among other neurodegenerative diseases.  

 

6. Future Outlooks  

Despite our limited mechanistic understanding of how the microbiota may 

predispose to symptoms of NDs, efforts to manipulate the microbiota through 

transplantation and probiotic treatment highlight the potential for microbial amelioration of 

ND-related pathology and behavior in laboratory animals. Transplantation of conventional 

microbiota into MPTP mice ameliorated motor deficits, increased dopaminergic neurons 

in the substantial nigra and reduced numbers of activated microglia and astrocytes (Sun 

et al., 2018). Similarly, AD mouse models exhibited improved learning and memory 

behavior, reductions in brain Aβ and tau aggregation, decreased neuroinflammation, and 

attenuated synaptic dysfunction after microbiota transplantation (Kim et al., 2020; Sun et 
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al., 2019b). In the ADLP mouse model, daily fecal microbiota transplant (FMT) from 

wildtype mice over 4 months resulted in improved spatial short-term memory and long-

term memory (Kim et al., 2020). In addition, measuring the total plaque area of the frontal 

cortex and hippocampus revealed a decrease in Ab plaque burden in treated mice 

compared to control ADLP mice. Furthermore, FMT decreased tau aggregates, reduced 

the number of activated microglia and attenuated gliosis. In the APP/PS1 mouse model, 

daily FMTs over 4 weeks also resulted in improved cognition as indicated by better 

performance in the Morris water maze and object recognition test (Sun et al., 2019b). Ab 

deposition and hyperphosphorylated tau in the hippocampus were reduced in the treated 

mice compared to controls. Targeting select bacteria for treatment has also revealed 

beneficial effects in ND animal models. Administration of probiotic bacterium Bacillus 

subtilis to transgenic C. elegans expressing human alpha-synuclein increased clearance 

of alpha-synuclein, ultimately leading to a reversal of aggregation (Goya et al., 2020). 

Chronic treatment of 3xTg mice with a cocktail of Lactobacillus and Bifidobacteria 

(SLAB51) promoted working memory, increased cortical thickness and decreased 

amyloid burden in the brain (Bonfili et al., 2017). Furthermore, bacterial treatment 

activated sirtuin-1 dependent pathways to promote antioxidative responses (Bonfili et al., 

2018), improved glucose reuptake in the brain, and reduced levels of 

hyperphosphorylated tau (Bonfili et al., 2019). Similarly, APP/PS1 mice treated with 

Clostridium butyricum had reduced microglial activation and decreased signs of 

neurodegeneration (Sun et al., 2020). These studies provide proof-of-concept for 

microbiome interventions in animal models. However, there is as yet no evidence that 

such approaches would be safe or effective for clinical NDs.  
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Other microbiome-based interventions that aim to enhance the efficacy of existing 

treatments for NDs may be more tractable for clinical translation. With the finding that 

select bacteria metabolize L-dopa, a common treatment for PD (Maini Rekdal et al., 2019; 

van de Steeg et al., 2018; van Kessel et al., 2019), there is increased interest in whether 

inhibiting or reducing microbial metabolism of L-dopa could promote drug efficacy in PD. 

Similar approaches of modulating microbial metabolism of existing medications may be 

relevant more broadly to neurology, as select microbes from the gut microbiome have 

been reported to interact with a variety of common medications for neurological diseases 

(Cryan et al., 2020; Maini Rekdal et al., 2019). In addition, a wealth of evidence suggests 

that adherence to the Mediterranean diet reduces susceptibility to AD (Berti et al., 2018; 

Rainey-Smith et al., 2018), but whether the microbiome may mediate the effects of the 

diet on host physiology remains unclear. Indeed, the microbiome was altered in patients 

with mild cognitive impairment after treatment with the modified Mediterranean-ketogenic 

diet (Nagpal et al., 2019), and the microbiome was reported to mediate the 

neuromodulatory effects of the ketogenic diet in mouse models of refractory epilepsy 

(Olson et al., 2018). 

Overall, studies in animal models provide intriguing evidence that perturbing the 

microbiota can modify risk for developing pathological and behavioral endophenotypes of 

PD, AD, ALS and HD (Table 2). In various genetic models of PD and AD, complete lack 

of or depletion of the microbiota yields animals with reduced amyloid pathology and 

improved motor or cognitive behavior. While only a few such studies have been 

conducted in mouse models of ALS and HD, they commonly report that the absence or 

depletion of the microbiota exacerbates neuropathological and behavioral symptoms of 
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disease. Microbiota transplant and bacterial treatments are capable of reducing 

symptoms, suggesting that modifying the gut microbiota in animal models of NDs can 

ameliorate neuroinflammatory, neuropathological and/or behavioral abnormalities 

triggered by genetic risk. These findings raise the question of whether there are cross-

cutting features and shared influences of the gut microbiota across subsets of ND models 

(Figure 1). Microbial regulation of peripheral immune and neuroimmune function may be 

a point of convergence across the disorders that warrants future study. Direct effects of 

microbial products or microbially-regulated biochemicals on protein misfolding is another 

area for continued investigation. The future holds tremendous opportunity to uncover how 

the gut microbiota modifies risk for NDs, with the potential to reveal fundamental 

interactions across the microbiota-gut-brain axis and inform new approaches for 

identifying and treating NDs.    
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Figures and Tables: 

 

 

Figure 4.1. Proposed pathways for microbial modulation of neurodegenerative diseases. 

The gut microbiome is increasingly implicated in modifying risk for NDs. While precise 

mechanisms are unknown, a few pathways have been proposed. The gut microbiome is critical 

for conditioning peripheral immune homeostasis and autoimmune responses, which could 

influence the manifestation of NDs. In addition, the gut microbiome is important for promoting 

intestinal colonization resistance and protecting against pathogens, which could influence the 

likelihood of host exposure to infection and inflammation, as risk factors for subsets of NDs. The 

gut microbiome regulates a vast repertoire of biochemicals, some of which may interact directly 

with amyloids to promote aggregation in neurons and propagation from the periphery to the brain. 

The gut microbiome modulates biochemicals that modulate neuroimmune development and 

function, including the activity of brain microglia, which could impact the manifestation of subsets 

of NDs.  
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Table 4.1.  Microbiome alterations in clinical cohorts and animal models for NDs 
Parkinson's disease: Microbiota alterations in humans and animal models  

Subject Microbiota Alterations Sample  Method Reference 

Human, PD 
Patients 

Increased: Bifidobacterium. Decreased: 
Prevotellaceae, Roseburia   

n = 64, 
feces 

16S rRNA 
gene 
sequencing 

(Aho et al., 
2019)  

Human, L-
Dopa Naïve 
PD Patients 

Family/Genus Increased: Verrumicrobiaceae 
(genus Akkermansia), unclassified Bacteria, 
Firmicutes 
Family/Genus Decreased: Prevotellaceae 
(Prevotella), Erysipelotrichaceae 
(Eubacterium) 
Species Increased: Akkermansia 
muciniphila, Alistipes shahii 
Species Decreased: Prevotella copri, 
Eubacterium bioforme, Clostridium 
saccharolyticum 

n = 31, 
feces 

Shotgun 
metagenomi
c 
sequencing 

(Bedarf et 
al., 2017) 

Human, PD 
Patients 

Increased: Lactobacillus 
Decreased: Clostridium coccoides, 
Bacteroides fragilis 

n = 52, 
feces 

16S rRNA 
gene qPCR 

(Hasegawa 
et al., 2015) 

Human, PD 
Patients Increased Akkermansia n = 76, 

feces 

16S/18S 
rRNA gene 
sequencing 

(Heintz-
Buschart et 
al., 2018) 

Human, PD 
Patients 

Family Increased: Bifidobacteriaceae, 
Lactobacillaceae, Tissierellaceae, 
Christensenellaceae, Verrucomicrobiaceae 
Family Decreased: Lachnospiraceae, 
Pasteurellaceae 
Genus Increased: Akkermansia, 
Christensenellaceae, Lactobacillus, 
Bifidobacterium 
Genus Decreased: Blautia, Roseburia, 
Lachnospiraceae, Faecalibacterium 

n = 197, 
feces 

16S rRNA 
gene 
sequencing 

(Hill-Burns 
et al., 2017) 

Human, PD 
Patients 

Increased: Lactobacillaceae, 
Barnesiellaceae, Enterococcaceae 

n = 29, 
feces 

16S rRNA 
gene 
sequencing 

(Hopfner et 
al., 2017) 

Human, PD 
Patients 

Mucosal Genus Increased: 
Faecalibacterium, Ralstonia 
Fecal Genus Increased: Blautia, 
Coprococcus, Roseburia.  

n = 38, 
sigmoid 
mucosal 
biopsies, 
feces 

16S rRNA 
gene 
sequencing 

(Keshavarzi
an et al., 
2015) 

Human, PD 
Patients 

Increased: Escherichia-Shigella, 
Streptococcus, Proteus, Enterococcus 
Decreased: Blautia, Faecalibacterium, 
Ruminococcus 

n = 24, 
feces 

16S rRNA 
gene 
sequencing 

(Li et al., 
2017) 

Human, PD 
Patients 

Increased: Ruminococcaceae, 
Verrucomicrobiaceae, Porphyromondaceae, 
Hydrogenoanaerobacterium, 
Lachnospiraceae  
Decreased: Bacteroides, Prevotellaceae 

n = 10, 
feces 

16S rRNA 
gene 
sequencing 

(Li et al., 
2019) 
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Human, PD 
Patients 

Increased: Eubacteriaceae, 
Bifidobacteriaceae, Aerococcaceae, 
Desulfovibrionaceae 
Decreased: Streptococcaceae, 
Methylobacteriaceae, Comamonadaceae, 
Halmonadaceae, Brucellaceae, 
Xanthomonadaceae, Lachnospiraceae, 
Actinomycetaceae, Aphingomonadaceae, 
Pasturellaceae, Micrococcaceae, 
Intrasporangiacea, Methanobacteriacea, 
Idomarinaceae, Brevibacteriaceae, 
Gemellaceae 

n = 75, 
feces 

16S rRNA 
gene 
sequencing 

(Lin et al., 
2018) 

Human, PD 
Patients 

Genus Increased: Christensenella, 
Catabacter, Lactobacillus, Oscillospira, 
Bifidobacterium 
Genus Decreased: Dorea, Bacteroides, 
Prevotella, Faecalibacterium 
Species Increased: Christensenella minuta, 
Catabacter hongkongensis, Lactobacillus 
mucosae, Ruminococcus bromii 
Palpillibacter cinnamivorans 
Species Decreased: Bacteroides massiliensis, 
Stoquefichus massiliensis, Bacteroides 
coprocola, Blautia glucerasea, Dorea 
longicatena, Bacteroides dorei, Bacteroides 
plebeus, Prevotella copri, Coprococcus 
eutactus, Ruminococcus callidus 

n = 89, 
feces 

 16S rRNA 
gene 
sequencing 

(Petrov et 
al., 2017) 

Human, PD 
Patients 

Increased: Clostridium IV, Aquabacterium, 
Holdemania, Sphingomonas, Clostridium 
XVII, Butyricicoccus, Anaetroncus 

n = 45, 
feces 

16S rRNA 
gene 
sequencing 

(Qian et al., 
2018) 

Human, PD 
Patients 

Family Increased: Enterobacteriaceae 
Phylum Decreased: Bacteroidetes 
Family Decreased: Prevotellaceae  

n = 43, 
feces 

16s RT-
qPCR 

(Unger et 
al., 2016) 

Human, PD 
Patients 

Increased: Akkermansia, Bifidobacterium 
(trending),  
Decreased: Prevotella (trending) 

n = 9, 
feces 

16S rRNA 
gene 
sequencing 

(Vidal-
Martinez et 
al., 2020) 

Human, PD 
Patients with 
normal 
cognition (NC) 
or mild 
cognitive 
impairment 
(MCI) 

PD-NC vs. PD-MCI and HC:  
Increased: Blautia, Ruminococcus  
PD- MCI vs PD-NC and HC: 
Increased: Alistipes, Barnesiella, 
Butyricmonas, Odoribacter, Anaerotruncus 

n = 13 
(MCI),  
n = 14 
(NC),  
feces 

16s rRNA 
gene 
sequencing 

(Ren et al., 
2020) 

Mice, ASO Decreased: Verrumicrobiae n=26, 
feces  

16S rRNA 
gene 
sequencing 

(Gorecki et 
al., 2019; 
Ren et al., 
2020)  

Mice; 
Rotenone 

No observed differences with FDR-P.  
With less stringent analysis,  
Decreased: Actinobacteria 

n = 14, 
feces 

16S rRNA 
gene 
sequencing 

(Dodiya et 
al., 2020) 

Rats, 
Rotenone 

 (RT-qPCR) Increased: Bifidobacterium 
(Sequencing, SI) Phylum Increased: 
Actinobacteria, Proteobacteria 
(Sequencing, SI) Phylum Decreased: 

n=12, 
distal 
small 
intestine 

qPCR, 
shotgun 
metagenomi
c 

(Johnson et 
al., 2018) 
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Bacteroidetes, Cyanobacteria, Firmicutes 
(Sequencing, colon) Phylum Decreased: 
Cyanobacteria, Firmicutes 
(Sequencing, SI/colon) Family Increased: 
Bifidobacteriaceae, Alcaligenaceae, 
Clostridiaceae 
(Sequencing, SI/colon) Family Decreased: 
S24-7, Prevotellaceae, Paraprevotellaceae, 
Lachnospiraceae 
(Sequencing, SI/Colon) Genus Increased: 
Bifidobacterium, Lactobacillus, 
Turicibacter, Sutterella 
(Sequencing, SI/Colon) Genus Decreaased: 
Prevotella, S24-7, Oscillospira 

and 
colon 
contents 

sequencing 

Mice, MPTP 

Phylum Decreased: Proteobacteria (2 days 
and 3 weeks following treatment) 
Order Increased: Erysipelotrichales (3 weeks 
following treatment) 
Order Decreased: Clostridiales (3 weeks 
following treatment) 
Family Increased: Prevotellaceae (2 days 
following treatment), Erysipelotrichaceae (3 
weeks following treatment) 
Family Decreased: Lachnospiraceae (2 days 
and 3 weeks following treatment) 

n = 10, 
feces 

16S rRNA 
gene 
sequencing 

(Lai et al., 
2018) 

Mice, MPTP 

Mucosa Phylum Increased: Bacteroidetes, 
Firmicutes  
Mucosa Phylum Decreased: Actinobacteria 
Lumenal Content Phylum Increased: 
Proteobacteria 
Lumenal Content Phylum Decreased: 
Actinobacteria 
Mucosa and Lumenal Content Family 
Increased: Rikenellaceae, S24-7, 
Clostridiales (unclassified), 
Ruminococcaceae  
Mucosa and Lumenal Content Family 
Decreased: Bifidobacterium 
Mucosa Genus Increased: Allobaculum 

n = 9-
10, 
cecum 
mucosal
-
associat
ed and 
lumenal 
contents 

16S rRNA 
gene 
sequencing 

(Perez-
Pardo et al., 
2018) 

Mice, MPTP 

Phylum Increased: Proteobacteria 
Phylum Decreased: Firmicutes 
Order Increased: Turicibacterales, 
Enterobacteriales 
Order Decreased: Clostridiales 

n = 7, 
feces 

16S rRNA 
gene 
sequencing 

(Sun et al., 
2018) 

Mice, 
Rotenone, 
within- 
comparison 
over 4 weeks 

Phylum Increased: Firmicutes (3w, 4w of 
treatment) 
Phylum Decreased: Bacteroidetes(3w, 4w of 
treatment) 
Genus Increased: Lactobacillus (3 and 4w of 
treatment) 
Genus Decreased: Clostridium (1-4w of 
treatment), Sutterella (1-4w of treatment), 
Lactococcus(1-3w of treatment), 
Desulfovibrio (2-4w of treatment), 
Aldercreutzia (2w of treatment), 
Paraprevotella (1 and 3w of treatment) 

n = 5-8, 
feces 

16S rRNA 
gene 
sequencing 

(Yang et al., 
2017) 
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Alzheimer’s disease: Microbiota alterations in humans and animal 
models   

Subject Microbiota Alterations Sample  Method Referenc
e 

Human, AD 
Patients 

Phylum level: mild decrease in Bacteriodetes 
decrease in Verrucomicrobia 
Class level: increase in Actinobacteria and 
Bacilli 
decrease in Negativicutes and Bacteroidia 
Order level: increase in Lactobacillales 
decrease in Bacteroidales and 
Selenomonadales 
Family level: increase in Ruminococcaceae, 
Enterococcaceae, and Lactobacillaceae 
decrease in Lanchnospiracea, 
Bacteroidaceae and Veillonellaceae 
 

n=43, 
feces  

16S rRNA 
gene 
sequencing 

(Zhuang 
et al., 
2018) 

Human, AD 
Patients 

Phylum level: increase in Bacteriodetes 
decrease in Firmicutes and Actinobacteria 
Family level: increase in Gemellaceae, 
Bacteroidaceae and Rikenellaceae 
decrease in Bifidobacteriaceae, 
Ruminococcaceae, Turicibacteraceae, 
Peptostreptococcaceae, Clostridiaceae, and 
Mogibacteriaceae 
Genus level: increase in Bacteroides, 
Alistipes, Bilophila, Blautia, 
Phascolarctobacterium and Gemella 
decrease in SMB53, Dialister, Clostridium, 
Turicibacter, cc115, Bifidobacterium and 
Adlercreutzia 

n=25, 
feces 

16S rRNA 
gene 
sequencing 

(Vogt et 
al., 2017) 

Mice, Tau 
P301L 

Phylum level: increase in Bacteroidetes 
decrease in Firmicutes, Actinobacteria and 
Tenericutes 
Genus level: increase in 
Ruminococcaceae_NK4A214_group, 
Bacteroides, Anaeroplasma, 
norank_f_Clostridiales_vadinBB60_group, 
norank_f_Bacteroidales_24_7_group, 
Phascolarctobacterium, Parabacteroides, 
and unclassified_o_Bacteroidales, 
Anaerovorax, Peptococcus, 
Caproiciproducens, Ruminoclostridium, and 
Oscillibacter 
decrease in Lactobacillus, Enterorhabdus, 
Staphylococcus, Bifidobacterium, Gemella, 
Roseburia, norank_f_Mycoplasmataceae, 
Lachnoclostridium, Klebsiella, and 
Streptococcus 

n=32, 
feces 

16S rRNA 
gene 
sequencing 

(Sun et 
al., 2019a) 

Mice, APP/PS1 

Phylum level: increase in Proteobacteria and 
Verrucomicrobia 
Genus level: decrease in Ruminococcus and 
Butricicocus 

n=24, 
feces 

16S rRNA 
gene 
sequencing 

(Zhang et 
al., 2017a) 
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Mice, 5xFAD Phylum level: increase in Firmicutes 
decrease in Bacteriodetes 

n=18, 
feces 

16S rRNA 
gene qPCR 

(Brandsch
eid et al., 
2017) 

Amyotrophic lateral sclerosis: Microbiome alterations in humans and animal 
models 

Subject Microbiome Alterations Sample  Method Referenc
e 

Human, ALS 
Patients 

Increased Methanobrevibacter 
Decreased Faecalibacterium and Bacteroides 

n=8,   
feces 

16S rRNA 
gene 
sequencing 

(Zhai et 
al., 2019) 

Human, ALS 
Patients No significant alterations 

n=25-
32,  
feces 

16S rRNA 
gene 
sequencing 

(Brenner 
et al., 
2018) 

Human, ALS 
Patients 

Increased Dorea 
Decreased Oscillibacter, Anaerostipes, 
Lachnospiraceae 

n=5-6,  
feces 

16S rRNA 
gene 
sequencing 

(Fang et 
al., 2016) 

Human, ALS 
Patients 

Marginally increased Anaerostipes hadrus 
and Bacteroidales bacterium  
Marginally decreased Bifidobacterium 
pseudocatenulatum, Clostridium leptum and 
Escherichia coli  

n=29-
37,  
feces 

Shotgun 
metagenomi
c 
sequencing 

(Blacher 
et al., 
2019) 

Mice, 
SOD1G93A Decreased Butyrivibrio Fibrisolvens n=3,  

feces 

16S rRNA 
gene 
sequencing 

(Zhang et 
al., 
2017b) 

Mice, 
SOD1G93A 

Decreased Akkermansia muciniphila, 
Parabaceroides distasonis, Rikenellaceae, 
Prevotella, Lactobacillus murinus, Alistipes 
unclassified, Eggertella unclassified,  
Increased Sutterella, Allobaculum, 
Desulfovibrionaceae, Coprococcus, 
Oscillospira, Bifidobacterium, Helicobacter 
hepaticus, Lactobacillus johnsonii and 
Lactobacillus reuteri  

n=6,  
feces 

16S rRNA 
gene 
sequencing,  
Shotgun 
metagenomi
c 
sequencing 

(Blacher 
et al., 
2019) 

Huntington's disease: Microbiota alterations in humans and animal 
models  

Subject Microbiota Alterations Sample  Method Referenc
e 

Mice, R6/1  

Sex difference in the bacterial signature of 
R6/1 mice. 
Male: an increase in Bacteroidales, 
Lactobacillales and a decrease in 
Clostridiales  
Female: an increase in Coriobacteriales, 
Erysipelotrichales, Bacteroidales, 
Burkholderiale and a decrease in 
Clostridiales  

n=7-8,  
feces 

16S rRNA 
gene 
sequencing 

(Kong et 
al., 2018) 
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Table 4.2: Effects of microbiome manipulations in animal models for NDs    
Parkinson's disease:  Microbial effects on pathology and behavior in animal models 

Subject Perturbation Sample  Test Result Reference 

Pink1-/- 
mice 

Oral 
administration 
of Citrobacter 
rodentium 

n=5-72 
males 
and 
females 

Grip strength test 
Pole test 
Open field test 
Flow cytometry for 
brain infiltrated 
immune subsets 
Histology for 
dopaminergic 
neurons in the 
striatum 

Impaired motor ability shown 
in Citrobacter rodentium 
treated Pink1-/- mice 
Decreased density of 
dopaminergic axonal 
varicosities and enhanced 
CD8+ T cells in the brain of 
Citrobacter rodentium treated 
Pink1-/- mice 

(Matheoud 
et al., 2019) 

Thy1-αSyn 
mice 

Administration 
of microbiota 
from PD 
patients 

n=3-6 
males 

Beam traversal test  
Pole descent test  
Nasal adhesive 
removal test 
Hindlimb clasping 
reflexes 

PD-derived gut microbiota 
promotes motor impairments 

(Sampson et 
al., 2016) 

Thy1-αSyn 
mice GF vs SPF n=4-6 

males 

Beam traversal test 
Pole descent test  
Nasal adhesive 
removal test  
Hindlimb clasping 
reflex 
Western blot and 
immunofluorescenc
e staining for a-Syn 
aggregation 
Representative 3D 
reconstructions of 
Iba1-stained 
microglia in the 
caudoputamen 

Reduced locomotor deficits, 
a-syn accumulation and 
decreased activation of 
microglia in GF Thy1-αSyn 
mice 

(Sampson et 
al., 2016) 

Thy1-αSyn 
mice 

Drinking water 
containing 10 
µg/ml LPS  
12 consecutive 
days treatment 

n is 
unknow
n 
males 
and 
females 

Hindlimb clasping 
reflex 

Mildly exacerbated motor 
impairments in LPS treated 
Thy1-αSyn mice 

(Gorecki et 
al., 2019) 

MPTP 
mouse 
model 
Rotenone 
mouse 
model 

Probiotic 
cocktail 
containing 
Lactobacillus 
rhamnosus 
GG, 
Bifidobacteriu
m animalis 
lactis and 
Lactobacillus 
acidophilus 
4 weeks 
treatment 

n=3-4 
males 

Cylinder test  
Beam traversal test  
Challenge beam test 
Stride length test 
Histology for 
dopaminergic 
neurons and glial 
activation in the 
striatum and 
substantial nigra 

Mitigated behavioral 
impairments, ameliorated 
dopaminergic neuronal loss 
and gliosis in probiotics 
treated MPTP and rotenone 
mouse model 

(Srivastav et 
al., 2019) 
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before animal 
model 
establishment  

6-OHDA rat 
model 

Antibiotic 
(neomycin, 2 
mg/  
mL; 
vancomycin 
0.2 mg/mL; 
bacitracin, 0.5 
mg/mL; 
pimaricin 1.2 
μg/  
mL) treatment 
for 14 days 
before animal 
model 
establishment 

n=4-12 
males 

Cylinder test 
Forepaw adjusted 
steps test 
Amphetamine-
induced rotation 
Histology for TH 
neuron loss in 
striatum and 
substantial nigra 
Q-PCR for 
expression of 
proinflammatory 
cytokines in 
striatum 

Attenuated motor deficits, 
decreased dopaminergic 
neuron loss and lower 
expression of 
proinflammatory cytokines in 
antibiotic treated 6-OHDA rat 
model 

(Koutzoumi
s et al., 
2020) 

MPTP 
mouse 
model 

Fecal 
microbiota of 
transplantation 
after animal 
model 
establishment 

n=15 
males 

Pole test 
Traction test 
Histology for 
dopaminergic 
neuron loss and glial 
activation in the 
substantial nigra 
Western blot for 
striatal TH 
expression 

Attenuated motor deficits, 
decreased dopaminergic 
neuron loss and glial 
activation in the MPTP mouse 
model transplanted fecal 
microbiota from wildtype 
littermates 

(Sun et al., 
2018) 

Caenorhabd
itis elegans 
model of 
synucleinop
athy 

Bacillus 
subtilis 
probiotic strain 
PXN21 
feeding 

n=25 
sex 
unknow
n  

Histology for αSyn 
aggregation 

reduced αSyn aggregation in 
the C. elegans feed with 
Bacillus subtilis 

(Goya et al., 
2020) 

MPTP 
mouse 
model 

Oral 
administration 
of Proteus 
mirabilis 

n=9-12 
males 

Rotarod test 
Open field test 
Histology for 
dopaminergic 
neuron loss and glial 
activation in the 
substantial nigra 
Histology for TH 
positive axons loss 
in the striatum 

Exacerbated motor deficits, 
loss of dopaminergic neurons 
and glial activation in MPTP 
mouse model received 
Proteus mirabilis 

(Choi et al., 
2018) 

MPTP 
mouse 
model 

antibiotic 
(ampicillin 1 
g/L, neomycin 
sulfate 1 g/L, 
metronidazole 
1 g/L) 
treatment 
before animal 
model 
establishment 

n=10 
males 

Histology for 
dopaminergic 
neuron loss in the 
substantial nigra 

Attenuated dopaminergic 
neuron loss in the antibiotic 
treated MPTP mouse model 

(Pu et al., 
2019) 
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Alzheimer's disease: Microbial effects on pathology and behavior in mice 
Subject Perturbation Sample  Test Result Reference 

APP/PS1 
mice GF vs CONV 

n=5-8 
males 
and 
females 

Histopathology for 
Ab in brain 
Immunostaining for 
microglia 
Western blot for Ab 
ELISA for Ab38, 
Ab40, Ab42, and 
cytokines 

For GF-APP/PS1 mice: lower 
Ab deposition in cortex and 
hippocampus, Ab levels in 
western blot and Ab42 levels 
in ELISA 
reduction in Iba-1 positive 
microglial leading to 
reduction in cortical 
neuroinflammation 
For CONV-APP/PS1 mice: 
increase in IL-1b, INF-c, IL-
2, IL-5  

(Harach et 
al., 2017) 

APP/PS1 
mice 

Antibiotics 
(gentamycin 
1mg/mL, 
vancomycin 
0.5mg/mL, 
metronidazole 
2mg/mL, 
neomycin 
0.5mg/mL, 
ampicillin 
1mg/mL, 
kanamycin 
3mg/mL, 
colistin 
6000U/mL, 
cefaperazone 
1mg/mL) for 1 
week 

n=5-14 
males 

Flow cytometry for 
immune cells 
Immunohistochemis
try for Ab, Iba-1, 
GFAP 
ELISA for Ab 
Cytokine/chemokine 
array  

For ABX treated mice: 
reduced Ab deposition in 
cortex and hippocampus  
reduction in Ab plaque 
localized microglial and 
astrocytes leading to 
reduction in 
neuroinflammation  
elevation in FOXP3+ Tregs  
upregulation of CCL11, IL-
1b, IL-2, IL-3, SCF and 
downregulation of IL-6  

(Minter et 
al., 2017) 

ADLP mice 

Fecal 
microbiota 
transplant 
daily for 4 
months 

n=14-16 
sex 
unknow
n 
 

Behavioral tests: Y-
maze, contextual 
fear conditioning, 
open field 
ELISA for Ab  
Immunohistochemis
try for Ab, tau, 
GFAP 
 

For FMT treated mice: better 
performance on behavioral 
tests  
reduction in Ab deposition in 
frontal cortex and 
hippocampus  
reduction in cortex Ab40 
levels  
reduction in tau aggregates in 
hippocampus 
reduction in activated 
microglia and astrocytes in 
frontal cortex  

(Kim et al., 
2020) 

APP/PS1 
mice 

Fecal 
microbiota 
transplant 
daily for 4 
weeks 

n=4-6 
males 

Behavioral tests: 
Morris Water Maze, 
object recognition 
test  
ELISA for Ab40 
and Ab42  
Western blot for tau  
Immunostaining for 

For FMT treated mice: better 
performance on behavioral 
tests compared to controls 
reduction in Ab deposition in 
cortex and hippocampus and 
in Ab40/Ab42 levels  
reduction in tau 
phosphorylation  

(Sun et al., 
2019b) 
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PSD-95, CD11b and 
COX-2 
NMR for SCFAs 
 

increase in PSD-95 staining 
reduction in COX-2 and 
CD11b levels  
increase in butyrate levels 

APP/PS1 
mice 

Oral 
administration 
of Clostridium 
butyricum for 
4 weeks 

n=20  
sex 
unknow
n 

Behavioral tests: 
Morris Water Maze, 
object recognition 
test  
Histology for Ab 
and CD11b 
ELISA for Ab42 
Butyrate assay 

Treated mice performed better 
on behavioral tests compared 
to controls 
Decrease of Ab levels in the 
brain for treated mice 
Reduction of activated 
microglial in treated mice 
Reduction of IL-1b and TNF-
a in treated mice 
Higher levels of butyrate in 
treated mice 

(Sun et al., 
2020) 

3xTg mice 
SLAB51 
probiotic 
treatment  

n=48-64 
males 

Behavioral test: 
open field, novel 
object recognition 
and elevated maze 
GC for SCFAs 
ELISA for cytokines 
Histology and 
immunostaining for 
Ab 
Western blot for tau 

For SLAB51 treated mice: 
better performance on 
behavioral tests 
Reduction in Ab deposition in 
hippocampus 
Reduction in tau 
phosphorylation  
Reduction in oxidative stress 

(Bonfili et 
al., 2017; 
Bonfili et 
al., 2018; 
Bonfili et 
al., 2019) 

Amyotrophic lateral sclerosis:  Microbial effects on pathology and behavior in mice 
Subject Perturbation  Sample  Test Result Reference 

SOD1G93A 
mice  

2% sodium 
butyrate in 
water 

n=5-10  
sex 
unknown  

ALS progression  
(body weight loss, 
lifespan) 
Intestinal tight 
junction 
(western blot and 
immunofluorescence 
staining for ZO-1) 

Delayed ALS progression 
Increased the intestinal tight 
junction 

(Zhang et 
al., 2017b) 

SOD1G93A 
mice  

Repeated oral 
administration 
of 
Akkermansia 
muciniphila 
into antibiotic 
pre-treated 
Sod1 mice at 
6-day intervals 
for a total of 
15 treatments.  

n= 5-61 
males 
and 
females 

lifespan analysis 
rotarod locomotor 
test 
Hanging-wire grip 
test 
Histological staining 
for spinal cord 
T2 relaxation time 

Extended lifespan 
Ameliorated locomotor 
deficits 
Increased number of motor 
neurons in spinal cord 
Reduced brain atrophy 

(Blacher et 
al., 2019) 

Huntington's disease:  Microbial effects on pathology and behavior in mice 
Subject Perturbation  Sample  Test Result Reference 

BACHD 
mice GF vs SPF 

n=4-12 
males 
and 

Transmission 
electron microscopy 
for myelination 

Reduced levels of myelin-
related proteins and 
decreased numbers of 

(Radulescu 
et al., 2019) 
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females Q-PCR and western 
blot for myelin based 
protein 

mature oligodendrocytes in 
the prefrontal cortex of 
BACHD mice reared in GF 
condition 
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SUMMARY 

 

The vagus nerve is proposed to enable communication between the gut microbiome and brain, 

but activity-based evidence is lacking. Herein, we assess the extent of gut microbial influences 

on afferent vagal activity and metabolite signaling mechanisms involved. We find that mice reared 

without microbiota (germ-free, GF) exhibit decreased vagal afferent tone relative to conventionally 

colonized mice (specific pathogen-free, SPF), which is reversed by colonization with SPF 

microbiota. Perfusing non-absorbable antibiotics (ABX) into the small intestine of SPF mice, but 

not GF mice, acutely decreases vagal activity, which is restored upon re-perfusion with bulk 

lumenal contents or sterile filtrates from the small intestine and cecum of SPF, but not GF, mice. 

Of several candidates identified by metabolomic profiling, microbiome-dependent short-chain 

fatty acids, bile acids, and 3-indoxyl sulfate stimulate vagal activity with varied response kinetics, 

which is blocked by co-perfusion of pharmacological antagonists of FFAR2, TGR5, and TRPA1, 

respectively, into the small intestine. At the single-unit level, serial perfusion of each metabolite 

class elicits more singly responsive neurons than dually responsive neurons, suggesting distinct 

neuronal detection of different microbiome- and macronutrient- dependent metabolites. Finally, 

microbial metabolite-induced increases in vagal activity correspond with activation of neurons in 

the nucleus of the solitary tract, which is also blocked by co-administration of their respective 

receptor antagonists. Results from this study reveal that the gut microbiome regulates select 

metabolites in the intestinal lumen that differentially activate chemosensory vagal afferent 

neurons, thereby enabling microbial modulation of interoceptive signals for gut-brain 

communication.  
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INTRODUCTION 

 

The gut microbiota is emerging as a key modulator of brain function and behavior, as several 

recent studies reveal effects of gut microbes on neurophysiology, complex animal behaviors, and 

endophenotypes of neurodevelopmental, neurological, and neurodegenerative diseases.1-3 

Despite these findings supporting a “microbiome-gut-brain axis”, the mechanisms that underlie 

interactions between gut microbes and the brain remain poorly understood. While many studies 

highlight neuroimmune pathways for microbial influences on the brain,4,5 it is also believed that 

the gut microbiota may directly signal to the brain via gut-innervating vagal neurons.6 However, 

existing evidence for the vagal route is largely derives from studies wherein subdiaphragmatic 

vagotomy abrogates behavioral alterations in response to microbiota perturbation in mice.2,7-10 

This ablates signaling in both afferent and efferent directions, not only to the intestine, but also 

with other peripheral organs. While the approach provides an important initial indication that the 

vagus nerve contributes to behavioral phenotypes that are modified by the microbiome, in vivo 

evidence of microbial signaling through vagal neurons is needed, and fundamental questions 

remain regarding the nature of microbial effects on vagal activity, the particular molecular 

constituents involved, and the diversity of neuronal responses elicited.  

 

The gut microbiome is central to dietary metabolism and modulates hundreds of biochemicals in 

the intestine, as well as the blood and various distal tissues.11,12 Biochemical screens of 

supernatants from cultured human-derived gut microbes find that soluble microbial products (as 

yet uncharacterized) have the capacity to directly bind to numerous G-protein-coupled receptors 

(GPCRs) that mediate neurotransmitter and neuropeptide signaling,13,14 some of which are 

reportedly expressed by vagal neurons.15-19 As such, microbial metabolites generated in the 

intestinal lumen have the potential to directly or indirectly activate vagal neurons via receptors on 

mucosal sensory afferents or receptors on intestinal epithelial cells that synapse onto the mucosal 
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sensory afferents, as has been described for select lumenal nutrient stimuli20-22 and microbial 

antigens.23,24 In this study, we assess afferent vagal nerve activity in response to the presence, 

absence, depletion, and restoration of the gut microbiota. We further profile microbiome-

dependent metabolites within the proximal small intestine and cecum, which are poised to signal 

to gut mucosal vagal afferents. We identify select microbial metabolites that induce vagal afferent 

neuronal activity with varied kinetics when administered to the lumen of the small intestine. Finally, 

we apply pharmacological approaches to probe the potential for direct and/or indirect receptor-

mediated signaling of microbial metabolites to vagal neurons. This study provides fundamental 

functional and mechanistic evaluation of the gut microbiome as a regulator of lumenal metabolites 

that modulate vagal chemosensory signaling across the gut-brain axis.  

 

RESULTS 

 

The gut microbiome promotes afferent vagal nerve activity  

 

To determine the extent to which the microbiome contributes to gut-brain signaling via the vagus 

nerve, we began by applying whole nerve electrophysiology to measure bulk activity of vagal 

afferents in wildtype C57BL/6J mice reared in the presence or absence of microbial colonization 

(Figure 1A, left).  Germ-free (GF) mice exhibited significantly decreased afferent vagal nerve 

activity (Figure 1B-1C) as compared to conventionally colonized (specific pathogen-free, SPF) 

controls. These reductions were reversed by colonizing GF mice with the SPF microbiota during 

adulthood (conventionalized, CONV), suggesting active interactions between the microbiome and 

vagus nerve that occur independently of developmental colonization. Treating adult SPF mice 

with oral broad-spectrum antibiotics (ABX; ampicillin, neomycin, vancomycin, and metronidazole) 

for 7 days to reduce bacterial load yielded modest, but statistically insignificant, reductions in 

afferent vagal nerve activity. We hypothesized that the inconsistent phenotype between the ABX 
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and GF conditions may be due to incomplete depletion of bacteria by ABX treatment, enrichment 

of native ABX-resistant bacteria over the one-week treatment period, 25 off-target effects of ABX 

absorbed into the systemic circulation, 26 the activity of non-bacterial members of the microbiota, 

27 and/or confounding effects of developmental GF rearing.28 To gain further insight, we recorded 

afferent vagal nerve activity acutely while introducing a constant flow of the subset of the ABX 

cocktail that is non-absorbable (i.e., vancomycin and neomycin) directly into the lumen of the 

duodenum29 and through the first ~10 cm of the small intestine, a site of dense vagal innervation16 

(Figure 1A, right). Perfusing nonabsorbable ABX into the intestinal lumen of SPF mice 

decreased afferent vagal nerve activity, as compared to vehicle (VEH)-perfused controls (Figure 

1D-1F). ABX-induced decreases in afferent vagal nerve activity were not seen in GF mice 

perfused with ABX (Figure 1D-1F). These results suggest that intestinal perfusion with non-

absorbable ABX decreases afferent vagal nerve activity via the bactericidal actions of ABX on 

microbes in the small intestine.  

 

The gut microbiota influences many aspects host biology, in large part by bacterial metabolism of 

dietary substrates, synthesis of secondary metabolites, and modification of host-derived 

molecules in the intestine.4,30-33 To evaluate the effects of lumenal microbial molecules on afferent 

vagal nerve activity, we administered a solution of small intestinal (SI) and cecal contents 

collected from donor SPF or GF mice into the SI lumen of ABX-perfused SPF mice. SI perfusion 

with non-absorbable ABX reduced afferent vagal nerve activity, as reported above, whereas re-

perfusion of SI/cecal contents from SPF mice acutely increased activity toward levels seen at pre-

ABX baselines (“+ SPF” in Figure 1G-1I). No such effect was seen with re-perfusion of SI/cecal 

contents from GF mice (“+ GF” in Figure 1G-1I), suggesting that the observed vagal response is 

due the presence of SI and cecal microbes and/or microbial molecules. To investigate the 

contribution of microbial small molecules, we sterile-filtered the equivalent solution of SPF 

SI/cecal contents and administered it to the SI lumen of ABX-perfused SPF mice. Sterile-filtered 
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SPF SI/cecal contents (SPF-SF) increased afferent vagal nerve activity to levels similar to SPF 

on average, albeit with shorter latency and more variability (Figure 1G-1I). These differences 

could be due in part to a lack of macromolecules present in SPF-SF samples which have been 

shown to consistently activate larger proportions of vagal neurons in vivo20, or possibly variability 

in the fidelity of small molecules upon filtration or the distribution of small-molecule activated 

receptors along the length of the proximal and medial small intestine.34 Taken together, these 

data provide evidence that active signaling from the gut microbiota modulates vagal afferent 

activity in vivo, and that these effects are mediated, at least in part, by microbial small molecules 

within the lumen of the small intestine and cecum. 

  

Microbiome-dependent bile acids, short-chain fatty acids, and 3-indoxyl sulfate stimulate 

afferent vagal nerve activity in a receptor-dependent manner 

 

The gut microbiota regulates numerous metabolites within the host.11,12 However, most  

characterizations to date have profiled metabolites in fecal or serum samples, excluding signaling 

molecules localized to the small intestine and cecum that are poised to interact with villus-

innervating vagal neurons.35  To identify candidate microbial metabolites in the small intestine and 

cecum that may modify vagal afferent activity, we performed liquid chromatography-mass 

spectrometry (LC-MS/MS) based untargeted metabolomic profiling of lumenal contents from the 

duodenum and cecum of SPF, GF, ABX, and CONV mice. 931 metabolites were identified from 

mouse proximal SI and cecal contents (Tables S1 and S2). Principal component analysis 

revealed distinct clustering of GF and ABX samples away from SPF and CONV samples along 

PC1 (Figure 2A, top), indicating that acute ABX depletion of the gut microbiota by weekly 

treatment with twice-daily oral gavage yields SI and cecal metabolomic profiles that are similar to 

those seen with GF rearing and that adult inoculation of GF mice with a conventional microbiota 

induces SI and cecal metabolomic profiles that are similar to those seen with conventional 
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colonization. This is consistent with our finding that acute depletion and re-introduction of the 

microbiota or microbial metabolites alters afferent vagal nerve activity (Figure 1). However, there 

were also notable differences within the cecal datasets in particular, with discrimination of ABX 

from GF profiles and, to a lesser degree, CONV from SPF profiles, along PC2 (Figure 2A, 

bottom). These differences highlight potential developmental influences of microbial colonization 

on host physiology36 and/or incomplete depletion and/or restoration of microbial communities 

within the lower GI tract relative to the proximal small intestine.37 Based on the ability of both GF 

status and acute perfusion of nonabsorbable ABX to decrease afferent vagal nerve activity and 

of CONV to elevate activity toward levels seen in SPF controls (Figure 1A-1F), we then filtered 

the datasets to identify metabolites that were commonly differentially regulated by both 

microbiota-deficient conditions relative to both colonized conditions. In SI contents, there were 79 

shared metabolites that were significantly modulated by both GF and ABX conditions relative to 

both SPF and CONV conditions, and in cecal contents, there were 521 (Figure 2B, Table S1 and 

S2). Based on the observation that SI/cecal contents and filtrates from SPF mice stimulate 

afferent vagal nerve activity compared to filtrates from GF controls (Figure 1G-1I), we focused in 

particular on the subset of 49 SI and 335 cecal metabolites that were significantly decreased by 

microbiota deficiency relative to colonized conditions (Figure 2B, Table S1 and S2). These 

included microbial metabolites that were extremely low or undetectable in microbiota-deficient 

conditions (which we refer to as “microbiome-dependent”), as well as metabolites that were 

partially downregulated (but still detectable) in microbiota-deficient conditions (which we refer to 

as “microbially modulated”).  

 

To identify the subset of microbial metabolites that have the potential to signal directly to vagal 

neurons, we cross-referenced existing bulk and single-cell RNA sequencing datasets15,16,18,19,38 

for reported expression of known or putative receptors for the candidate SI and cecal metabolites. 

This identified select species of microbiome-dependent bile acids (BAs), a subset of which were 
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identified as key drivers for classifying microbiota status via random-forest analysis in small-

intestinal samples (Figure 2C). Additional classes of metabolites that were uncovered included 

short chain fatty acids (SCFAs) (Figure 2D-E), microbially modulated tryptophan derivatives 

(TRPs, Figure S1A), fatty acid ethanolamides (FAEs, Figure S1B), monohydroxy fatty acids 

(MFAs, Figure S1C), as well as succinate and glutamate (Figure S1D-S1E). To initially assess 

the ability of these lumenal metabolites to modify vagal activity, we recorded afferent vagal nerve 

activity while perfusing physiologically relevant concentrations of metabolite pools into the SI. 

There were no statistically significant changes in afferent vagal nerve activity with SI perfusion of 

the detected TRPs, FAEs, MFAs, or succinate (Figure S2A-S2D). Consistent with existing 

literature demonstrating vagal responses to gastric delivery of glutamate,39 SI perfusion of 

glutamate robustly increased afferent vagal nerve activity (Figure S2E). We further observed that 

SI perfusion of select microbiome-dependent BAs elicited rapid, transient afferent vagal nerve 

activity (Figure 3A-3C), which parallels existing literature on systemic administration of select 

primary and secondary BAs.31 In contrast, SI perfusion of microbiome-dependent SCFAs 

(acetate, propionate, and butyrate) led to slower onset and gradual increases in afferent vagal 

nerve activity (Figure 3D-3F). This latency could be due to metabolite-specific differences in the 

rate of intestinal absorption,40 differential spatial localization of metabolite absorption and 

functional activity along the length of the gastrointestinal tract,41,42 and/or indirect signaling of the 

metabolites to non-neuronal mediators.21,43,44 

 

Microbiome-dependent BAs and SCFAs in the intestinal lumen have the potential to bind to 

cognate receptors expressed by various cell types in the gastrointestinal tract (e.g., vagal, 

enteroendocrine, epithelial, immune)45,46. To determine the relative contributions of different 

cognate GPCRs to vagal responses induced by lumenal microbial metabolites, we perfused select 

receptor antagonists immediately before and during administration of their corresponding 

metabolites into the SI lumen of SPF mice. BAs signal through the membrane-bound Takeda G 
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protein-coupled receptor 5 (TGR5), which is expressed by gut-innervating vagal neurons31 as well 

as intestinal epithelial cells and various intestinal innate immune cells .32,45,47 Intestinal pre- and 

co-perfusion of the TGR5 antagonist m-tolyl 5-chloro-2-[ethylsulonyl] pyrimidine-4-carboxylate 

(SBI-115)48 prevented the initial rapid, transient increases in afferent vagal nerve activity induced 

by microbiome-dependent BAs (Figure 3A-3C). We do not observe a difference in total area 

under the curve (AUC) across the entire stimulus window, as administration of SBI-115 leads to 

a delayed rise in vagal activity that was not observed with perfusion of microbiome-dependent 

BAs alone. This suggests that TGR5 antagonism may elicit compensatory vagal responses to 

microbiome-dependent BAs through farsenoid X receptor (FXR) or other TGR5-independent 

signaling mechanisms. SCFAs signal to free fatty acid receptor 2 (FFAR2), which is expressed 

by intestinal epithelial cells41 and free fatty acid receptor 3 (FFAR3), which is expressed by gut-

innervating vagal neurons.49 Intestinal pre- and co-perfusion of the FFAR2 antagonist 4-[[(R)-1-

(benzo[b]thiophene-3-carbonyl)-2-methyl-azetidine-2-carbonyl]-(3-chloro-benzyl)-amino]-butyric 

acid 99 (GLPG0974)50 prevented the increase in afferent vagal nerve activity induced by SCFAs 

(Figure 3D-3F). These results suggest that microbiome-dependent SCFAs likely elevate vagal 

activity via indirect activation of intestinal epithelial cells or other cellular mediators.  

 

In addition to testing microbial metabolites with reported receptor expression by vagal neurons, 

we also evaluated effects of select microbiome-dependent metabolites that have as yet unknown 

signaling mechanisms on vagal activity. We focused in particular on metabolites that i) are 

reproducibly dependent upon the microbiome across various studies and biological contexts51  

and ii) have been reportedly linked to brain function and/or behavior.1,52-55 Of these, 3-indoxyl 

sulfate (3IS), hippurate, and trimethylamine-N-oxide (TMAO) are microbiome-dependent 

metabolites in SI lumen, imidazole propionate is a microbiome-dependent metabolite in the 

cecum, and phenethylamine is microbially modulated in the cecum (Figure 2F). These 

metabolites are also reduced in the serum of microbiome-deficient mice,11 suggesting that they 



 100 

are typically absorbed from the intestinal lumen and poised to interact with mucosal vagal 

afferents. Perfusing physiologically relevant concentrations of hippurate, TMAO, imidazole 

propionate, and phenethylamine individually through the small intestine had no measurable effect 

on afferent vagal nerve activity (Figure S2F-S2I). In contrast, SI perfusion with 3IS elicited rapid 

and sustained increases in afferent vagal nerve activity relative to vehicle controls (Figure 3G-

3I). The metabolic precursor to 3IS, indole, and the related tryptophan metabolite indole-3-

carboxaldehyde, are reported to activate vagal afferent neurons in zebrafish via indirect 

stimulation of colonic enteroendocrine cells in a transient receptor potential ankyrin1 (TRPA1)-

dependent manner.43 To evaluate this possible signaling mechanism for 3IS in the small intestine, 

we pre- and co-perfused the TRPA1 antagonist (1E,3E)-1-(4-Fluorophenyl)-2-methyl-1-penten-3-

one oxime (A967079)) with 3IS into the SI lumen, which completely prevented 3IS-induced 

afferent vagal nerve activity (Figure 3G-3I).  Overall, these results reveal that microbial BAs, 

SCFAs, and 3IS promote afferent vagal nerve activity through receptor-dependent signaling from 

the SI lumen.  

 

Lumenal BAs, SCFAs, and 3IS excite both distinct and shared subsets of afferent vagal 

neurons with varied temporal responses 

 

Different lumenal stimuli can activate distinct populations of vagal neurons with differing response 

kinetics. In particular, recent work has identified populations of afferent vagal neurons that 

respond exclusively to fats versus sugars.22 Microbiome-dependent BAs, SCFAs, and 3IS are 

related to dietary metabolism of fats, complex carbohydrates, and proteins, respectively,30,43,56 

raising the question of whether they promote vagal nerve activity via shared vs. distinct vagal 

afferent neurons. To gain insight, we imaged calcium activity of vagal afferent neurons in 

response to acute SI perfusion of microbiome-dependent metabolites in mice expressing 

GCaMP6s in Phox2b+ sensory neurons (Figure 4A-B). Microbiome-dependent BAs, SCFAs, and 
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3IS elicited calcium responses in 57%, 48%, and 58% of detected vagal afferent neurons, 

respectively (Figure 4C). Hierarchical clustering of calcium signals from responsive neurons over 

time for each metabolite class yielded 2 main clusters of vagal responses to each metabolite class 

(Figure 4B). The latency to maximum calcium response varied within each subclass of microbial 

metabolite, where SCFAs and 3IS similarly elicited primarily delayed calcium responses, while 

BAs elicited a bimodal distribution of acute and delayed calcium responses (Figure 4D). Upon 

perfusing pairs of metabolites in sequence, BAs and SCFAs elicited calcium responses in largely 

distinct afferent vagal neurons, with 43% responsive to BAs only, 38% responsive to SCFAs, and 

19% dually responsive to both BAs and SCFAs. In contrast, sequential perfusion of 3IS and 

SCFAs yielded many shared neuronal responses, where 40% of afferent vagal neurons were 

dually responsive to sequential perfusion of 3IS and SCFAs, 27% to SCFAs only, and 33% to 3IS 

only. Similarly, with BAs and 3IS, we observed 43% dual responders, 35% responsive to 3IS only, 

and 22% responsive to BAs only (Figure 4E). Together, these data reveal distinct and shared 

neuronal populations for sensing different microbiome- and macronutrient- dependent 

metabolites, with greater distinct neuronal responses to microbial BAs and SCFAs, than either 

with 3IS.  

 

Receptor-mediated signaling of BAs, SCFAs, and 3IS from the small intestinal lumen 

activates neurons in the NTS  

Changes in the gut microbiota have been associated with altered activation of neurons of the 

nucleus of the solitary tract (NTS), which receives direct visceral afferents from nodose 

neurons.57,58 Consistent with the ability of microbial metabolites in the SI lumen to stimulate 

afferent vagal neuronal activity (Figures 3 and 4), we find that acute lumenal perfusion of 

microbiome-dependent BAs, SCFAs, and 3IS each increase neuronal expression of the activation 

marker cFos in the NTS (Figure 5A-B), to levels similar to those seen with intestinal perfusion of 

sucrose.21,59 As with the afferent vagal nerve and neuronal responses, the microbial metabolite-
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driven increases in NTS neuronal activation were prevented by pre- and co-administration of 

antagonists for TGR5, FFAR2, and TRPA1 with their respective metabolite ligands. Together, 

these data indicate that microbial BAs, SCFAs, and 3IS in the SI lumen alter brain activity via 

receptor-mediated modulation of vagal afferent signaling.  

  

DISCUSSION 

 

Results from this study demonstrate that microbial colonization status, as well as acute 

manipulation of the gut microbiota and microbial metabolites, modulate vagal activity. In particular, 

we find that the gut microbiota regulates numerous small molecules in the small intestine and 

cecum. Moreover, administering select microbiome-dependent BAs, SCFAs, and 3IS at 

physiological concentrations and rates of peristalsis into the lumen of the small intestine 

stimulates vagal afferent neuronal activity. The vagal responses are elicited within relatively short 

timescales (<~9 min) and are abrogated by pre- and co-administration of select receptor 

antagonists, suggesting active signaling between the gut microbiome and vagal afferents via 

excitatory metabolites.  

 

The functional evidence provided in this study align with prior reports indicating that 

subdiaphragmatic vagotomy abrogates effects of microbial interventions on behaviors such as 

anxiety,7 depression,57 cognition,60 feeding,46 and social behaviors.2,49 Additionally, a few prior 

studies have reported that the gut microbiota and various microbial products regulate the 

transcriptome and excitability of vagal neurons.58 For instance, nodose neurons from mice reared 

GF exhibited altered gene expression profiles when compared to those from SPF mice,61 

suggesting that the microbiome modulates the cellular state of vagal afferent neurons. In addition, 

bacterial supernatants from a cultured microbial community increased the intrinsic excitability of 

nodose neurons in vitro, through a mechanism that implicated a role for bacterial cysteine 
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proteases.62 Another study reported that microbial single-stranded RNAs elevated vagal activity 

via Piezo1-mediated sensing by enterochromaffin cells.23 Moreover, the tryptophan metabolite 

indole has been reported to induce serotonin release onto colonic vagal afferents via TRPA1-

mediated enteroendocrine cell activation.43 Together, these findings suggest that there exist 

multiple signaling factors and pathways by which the host-associated microbiota can impact vagal 

activity.  

 

Aligning with the complexity of microbial influences on vagal activity, we observed that mice 

reared as GF exhibited significantly reduced afferent vagal nerve activity relative to mice reared 

with a conventional SPF microbiota, and while this effect was abrogated by colonizing GF mice 

with an SPF microbiota during adulthood, it was not fully recapitulated by depletion of the gut 

bacteria by oral ABX (Figure 1C). Many factors could contribute to this discrepancy. First, GF 

mice lack microbiota across all exposed body sites, whereas oral ABX treatment only partially 

ablates bacterial members of the oral and gastrointestinal microbiomes.37 As such, it is possible 

that the reductions in vagal tone seen in GF mice could be mediated by changes in both intestinal 

and non-intestinal vagal afferents and/or the presence of residual microbes or microbial products 

in the intestine of SPF mice treated twice daily with ABX by oral gavage. Moreover, the reported 

alterations in nodose gene expression in GF mice relative to SPF mice61 raise the question of 

whether there are early influences of microbiota status on vagal neuronal development, which are 

not captured by oral ABX treatment during adulthood. Further studies are needed to uncover the 

relative contributions of different vagal neuronal subtypes in mediating microbiome-induced 

alterations in vagal tone, as well as to what degree microbes endogenous to different parts of the 

gastrointestinal tract contribute to these alterations.   

 

Despite the modest effects of oral ABX treatment in mice on reducing vagal tone (Figure 1C), we 

found that restricted perfusion of non-absorbable ABX through the lumen of the small intestine 
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acutely reduced afferent vagal nerve activity. We additionally observed that afferent vagal nerve 

activity was restored by the re-introduction of SPF SI and cecal contents into the small intestine 

and that these increases in activity were driven, at least in part, by the small molecule fraction. 

This was not seen with lumenal perfusion of SI and cecal contents from GF mice, indicating a role 

for small molecules that are modulated by the gut microbiome. Notably, we did not observe an 

overt vagal nutrient response with perfusion of intestinal contents from GF mice, which could 

reflects the rapid digestion, absorption, and/or relatively low homeostatic concentration of 

microbiome-independent nutrients, such as glucose and sucrose, in the SI,63 as compared to the 

those exogenously delivered in other studies.20-22 Overall, these findings reveal that soluble 

microbiome-dependent metabolites from the lumen of the small intestine can acutely stimulate 

afferent vagal activity.  

 

By untargeted metabolomic profiling of SI and cecal contents from conventionally colonized (SPF, 

CONV) and microbiota deficient (ABX, GF) mice, followed by in vivo screening of select microbial 

metabolites with or without pharmacological antagonists, we identified particular subclasses of 

microbiome-dependent molecules that activate vagal afferent neurons in a receptor-dependent 

manner upon administration to the small intestine. The metabolites—specific microbial BAs, 

SCFAs, and 3IS-- promoted afferent vagal nerve activity with differing response kinetics, which 

could be due to differences in their physiological concentrations, rate of absorption, spatial 

localization of cognate receptors, and direct vs. indirect action, among other factors. Indeed, 

neuronal activation via GPCR signaling is dependent upon the concentration of the ligand, 

whereby differences can induce switching from G-protein coupled to G-protein independent 

signaling64 resulting in alterations in the downstream signal transduction pathways engaged 

during neuronal activation. In addition, microbiome-dependent BAs and SCFAs are reported to 

be absorbed by the intestinal epithelium, which offers the potential to activate gut-innervating 

vagal afferents through direct receptor binding,15,16,18,19 or through indirect interactions with 
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diverse enteroendocrine cells, subsets of which can synapse directly onto vagal neurons.65 3IS, 

however, has not been shown to be readily re-absorbed following secretion into the intestinal 

lumen, suggesting this metabolite likely acts through the latter aforementioned pathway in order 

to activate vagal afferents. It is also possible that select intestinal metabolites may access 

systemic circulation and act at extra-intestinal sites to modulate vagal activity, presumably with a 

time delay. In particular, lumenal microbiome-dependent BAs rapidly and transiently increased 

afferent vagal nerve activity, primarily via TGR5 signaling (Figure 3A-C). This may align with prior 

studies demonstrating that circulating BAs mediate release of cholecystokinin (CCK), and that 

CCK signaling is dynamic and rapidly desensitizes.66 In contrast, perfusion of SCFAs into the SI 

lumen increased afferent vagal nerve activity following a latency period in an FFAR2-dependent 

manner (Figure 3D-F), suggesting indirect activation of FFAR2-expressing epithelial cells and 

subsequent GLP-1 release.67 Finally, we found that microbiome-dependent 3IS in the small 

intestine elicited sustained afferent vagal nerve activity in a TRPA1-dependent manner (Figure 

3G-I). This may align with a previous study wherein indole stimulated TRPA1+ colonic 

enteroendocrine cells to release serotonin and activate colon-innervating neurons.43 Our 

observations, considered together with existing vagal single cell transcriptomic data, raise the 

potential for both direct activation of afferent vagal neurons (via TGR5 and TRPA1) and indirect 

activation of epithelial cells or other cellular mediates (via FFAR2, TGR5, or TRPA1) by lumenal 

microbial metabolites. Future studies interrogating the cell-type specific role of metabolite 

receptors expressed on multiple cell types will aid in uncovering the precise differential effects of 

indirect versus direct signaling on vagal responses to microbial stimuli.  

 

Recent studies demonstrate that lumenal nutrient cues, such as fats and carbohydrates, engage 

parallel vagal afferent neurons via labeled lines.20-22 However, further characterization of how 

different subclasses of diet- and microbiome-dependent small molecules engage gut-brain 

circuits involved in nutrient sensing is needed. We assessed the effects of acute lumenal 
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perfusion of select microbial BAs, SCFAs, and 3IS (involved in dietary fat, carbohydrate, and 

protein metabolism, respectively) on afferent vagal neuronal calcium activity in vivo. We found 

that all three classes of microbial metabolites resulted in increased calcium activity in nodose 

neurons with varied kinetics (Figure 4B)-- BAs elicited a bimodal distribution of immediate vs. 

delayed responses, whereas SCFAs and 3IS mostly elicited delayed responses (Figure 4D), 

which aligns with the slow, gradual onset of afferent vagal nerve activity in response to SCFA and 

sustained onset of afferent nerve activity with 3IS perfusion. When assessing single-unit 

responses to sequential perfusion of two metabolite classes, microbiome-dependent BAs and 

SCFAs elicited calcium responses via largely non-overlapping subpopulations of afferent vagal 

neurons, whereas 3IS and BAs or SCFAs acted primarily via shared subpopulations (Figure 4F). 

These findings are supported by previous work demonstrating a shared role for both TGR5- and 

TRPA1- mediated alterations in digestion and satiety via epithelial CCK signaling,31,68-71 as well 

as TRPA1- and  FFAR2-mediated alterations in host metabolism and feeding behaviors that have 

been reported to act via epithelial secretion of GLP-1.67,72-74  In contrast, previous work 

demonstrates that BA- and SCFA- mediated alterations in feeding behaviors act via distinct 

receptor-dependent signaling pathways.49,75 Future studies utilizing combinatorial functional 

strategies to elucidate the interplay between distinct metabolite effects on shared host behavioral 

and physiological processes will aid in uncovering the precise cellular crosstalk that may mediate 

our observed results.  

 

Despite evidence for vagal chemosensory pathways mediating communication from the intestinal 

lumen to the brain,22,58,76 effects of specific microbial metabolites and their associated receptors 

on CNS neuronal activity remain unclear. We therefore addressed the effects of lumenal perfusion 

of BAs, SCFAs, and 3IS alongside their respective receptor antagonists for TGR5, FFAR2, and 

TRPA1 on medial NTS neuronal activation by immunofluorescence detection of the immediate 

early gene cFos. We found that all metabolite classes significantly increased NTS neuronal 
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activation, which could be prevented by pre-and co-perfusion of antagonists (Figure 5). Together, 

these data suggest that lumenal metabolites activate CNS neurons via receptor-dependent vagal 

signaling and may have downstream effects on CNS-associated behaviors. However, more work 

is needed to determine the downstream targets and differential effects of these gut-to brain 

signaling pathways on CNS physiology.   

  

Findings from this study highlight lumenal microbial metabolites derived from various sources of 

dietary macronutrients-- fats (BAs), complex carbohydrates (SCFAs), and proteins (3IS)—that 

differentially activate vagal afferent neurons via receptor-mediated signaling in order to convey 

information to the brain. Following the ingestion of dietary fats, BAs are released from the liver 

into the SI lumen where they undergo chemical transformations, such as deconjugation and 

dehydroxylation, which are carried out by gut microbes.77 Enzymes capable of catalyzing such 

reactions are found across all major bacterial phyla,78 suggesting a broad role for the microbiota 

in regulating the lumenal BA pool. Similarly, SCFAs are derived from microbial metabolism of 

dietary fibers that are otherwise non-digestible by the host, with differential production by bacterial 

members of the phyla Bacteroidetes (acetate, propionate) and Firmicutes (butyrate).79,80 

Tryptophan derivatives, such as indole, are produced by pathobionts, such as Escherichia coli, 

Enterococcus faecalis, and Edwardsiella tarda,81 before being hydroxylated and sulfated in the 

liver and secreted as 3IS into the small intestine. As levels of dietary metabolites and microbiome 

composition can fluctuate depending on meal time82,83, further examination into circadian effects 

of diet- and microbiome-dependent metabolites on vagal afferent neuronal activity is warranted. 

 

Understanding the temporal variation in the bioavailability of neuromodulatory microbial 

metabolites and in vagal activity could reveal important insights into the functional role of vagal 

interoception of different types of microbial metabolites. As proof of principle, vagal TGR5 

signaling mediated the anorexigenic effects of circulating BAs,31 whereas vagal FFAR3 signaling 
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mediated the effects of circulating SCFAs on satiety.49 However, further studies on whether the 

vagal circuits engaged by lumenal microbial metabolites modulate analogous or additional CNS-

associated behaviors remains to be determined. Circuit tracing studies have uncovered 

polysynaptic connections from gut-innervating vagal afferent neurons to higher order brain 

regions such as substantia nigra and hippocampus,84 suggesting the potential for microbial 

metabolites to impact complex behavioral responses beyond those involved in feeding. BAs, 

SCFAs, and 3IS have been associated with alterations in behavioral endophenotypes of anxiety 

and depression,52,85,86 cognitive impairment,87 and motor deficits,3,86 each which has been linked 

to vagal signaling and alterations in the gut microbiota.3,9,10 Overall, more research is needed to 

determine brain and behavioral responses to vagal interoception of lumenal microbial metabolites, 

and to further evaluate the potential to leverage the microbiome to modify neuronal signaling 

across the gut-brain axis. 
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FIGURES AND FIGURE LEGENDS 

 

 

Figure 5.1: The Gut Microbiota and Lumenal Microbial Metabolites Promote Vagal Afferent 

Activity. A) Diagram of in vivo whole nerve vagal electrophysiology for quantification of vagal 

tone (left, for data in B-C) or acute vagal response to lumenal stimuli (right, for data in D-I) B) 

Representative images of detected vagal spikes (vertical lines) over 10s in conventionally 

colonized (SPF), germ-free (GF), antibiotic-treated (ABX), and conventionalized GF (CONV) 

mice. C) Vagal afferent tone of SPF, GF, ABX, and CONV mice. (SPF, n = 11 mice; GF, n = 11 

mice; ABX, n = 12 mice; CONV, n = 11 mice). One-Way ANOVA + Tukey. D) Afferent vagal nerve 

response in SPF or GF mice perfused intestinally with non-absorbable antibiotics (ABX, 
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vancomycin/neomycin, 1mg/mL) or vehicle (VEH) (SPF +VEH, n = 12 mice; SPF +ABX, n = 12 

mice; GF + ABX, n = 10 mice). E) Afferent vagal nerve firing rates before and after intestinal 

perfusion of SPF or GF mice with ABX or VEH. (SPF +VEH, n = 12 mice; SPF +ABX, n = 12 mice; 

GF + ABX, n = 10 mice). Paired t-test. F) Change in afferent vagal nerve activity after intestinal 

perfusion with ABX or VEH (t=1800) relative to stable baseline (t=600s) (SPF +VEH, n = 12 mice; 

SPF +ABX, n = 12 mice; GF + ABX, n = 10 mice). One-way ANOVA + Tukey. G) Afferent vagal 

nerve response in mice intestinally perfused with ABX, followed by re-perfusion with pooled small 

intestinal (SI) and cecal contents from SPF mice (+SPF) or GF mice (+GF), sterile filtered (SF) 

SI/cecal contents from SPF mice (+SPF-SF), or VEH (+VEH, n = 10 mice; +SPF, n = 11 mice; 

+GF, n = 9 mice; +SPF-SF, n = 11 mice). H) Afferent vagal nerve firing rate after intestinal ABX 

perfusion (t=1800s) and after re-perfusion with VEH, SI/cecal contents from SPF mice, SI/cecal 

contents from GF mice, or sterile filtered SI/cecal contents from SPF mice, at the time of maximum 

mean firing rate for perfusion of SPF SI/Cecal contents (SPF MAX, t = 2760s) (+VEH, n = 10 

mice; +SPF, n = 11 mice; +GF, n = 9 mice; +SPF-SF, n = 11 mice). Paired t-test. I) Afferent vagal 

nerve activity as measured by area under the curve (AUC) (from 1800-3600s) in response to 

intestinal perfusion with VEH (n = 10 mice), SPF SI/cecal contents (n = 11 mice), GF SI/cecal 

contents (n = 9 mice), and SPF-SF SI/cecal contents (n = 11 mice). Brown-Forsythe and Welch 

ANOVA + Games-Howell.  All data displayed as mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 

0.001, **** p < 0.0001.  
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Figure 5.2: The Gut Microbiome Regulates Metabolites in the Lumen of the Small Intestine 

and Cecum. A) PCA analysis of small intestinal (SI, top) or cecal (bottom) lumenal contents from 

SPF, GF, ABX, and CONV mice. (n=6 mice for all groups). B) Venn diagram of differentially 

modulated metabolites in SI (top) and cecal (bottom) lumenal contents. Red numbers indicate 
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downregulated metabolites and blue numbers indicate upregulated metabolites. (n=6 mice for all 

groups). C) Random forest (RF) analysis of metabolomic data from SI lumenal contents reveals 

the top 30 metabolites that distinguish GF/ABX from SPF/CONV samples with 100% predictive 

accuracy. Red asterisks indicate metabolites tested in Figure 3. (n=6 mice for all groups). D-E) 

Lumenal levels of microbially modulated bile acids and the short-chain fatty acid butyrate from SI 

(orange tones) and/or cecum (blue tones) of SPF, GF, ABX, and CONV mice. (n=6 mice for all 

groups). Welch’s t-test. F) Lumenal levels of microbially modulated metabolites with unknown 

signaling to vagal neurons from SI (orange tones) or cecum (blue tones) of SPF, GF, ABX, and 

CONV mice. (n=6 mice for all groups). Red asterisks denote metabolites tested in Supplemental 

Figure 2. Welch’s t-test. All data displayed as mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001, 

****p<.0001 
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Figure 5.3: Select Lumenal Microbial Metabolites Increase Afferent Vagal Nerve Activity 

with Varied Response Kinetics. A) Afferent vagal nerve firing rate in SPF mice after intestinal 

perfusion with vehicle (VEH: PBS, n=10 mice) or pooled bile acids (BAs: cholate, 1240nM; 

glycocholate, 3.5nM; chenodeoxycholate, 42nM; alpha-muricholate, 142nM; beta-muricholate, 

1080nM; deoxycholate, 390nM; taurodeoxycholate, 260nM; ursodeoxycholate, 74nM; 

taurohyodeoxycholate, 18.8nM; 7-ketodeoxycholate, 100nM; lithocholate, 390nM; 

taurolithocholate, 0.33nM; n = 9 mice), with or without pre- and co-perfusion with TGR5 antagonist 

(SBI-115, 200uM, n = 8 mice). Yellow shading indicates perfusion of pure antagonist prior to co-
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perfusion of antagonist with metabolites. B) Normalized afferent vagal nerve firing rate before and 

during treatment with BAs (left, n = 9 mice), or BAs and SBI-115 (right, n = 8 mice). BA max, t = 

1114s. Wilcoxon matched-pairs signed rank test. C) Afferent vagal nerve firing rate as measured 

by area under the curve (AUC) (from 600-2400s) in response to intestinal perfusion with VEH 

(PBS, n = 10 mice) or pooled BAs (n = 9 mice), with or without pre- and co-perfusion with TGR5 

antagonist (SBI-115, 200uM, n = 8 mice). Brown-Forsythe and Welch ANOVA + Games-Howell.  

D) Afferent vagal nerve firing rate in SPF mice after intestinal perfusion with VEH (PBS, n = 10 

mice) or pooled short-chain fatty acids (SCFAs: acetate, 80uM; butyrate, 22uM; propionate, 

10uM, pooled, n = 10 mice), with or without pre- and co-perfusion with FFAR2 antagonist 

(GLPG0794, 10uM, n = 8 mice). Yellow shading indicates perfusion of pure antagonist prior to 

co-perfusion of antagonist with metabolites. E) Normalized afferent vagal nerve firing rate before 

and during treatment with SCFAs (left, n = 10 mice), or SCFAs and GLPG0794 (right, n = 8 mice). 

SCFA max, t = 2400s. Paired t-test. F) Afferent vagal nerve firing rate as measured by AUC (from 

600-2400s) in response to intestinal perfusion with VEH (PBS, n = 10 mice) or pooled SCFAs 

(10uM, n = 10 mice), with or without pre- and co-perfusion with FFAR2 antagonist (GLPG0794, 

10uM, n = 8 mice). One-way ANOVA + Tukey.  G) Afferent vagal nerve firing rate in SPF mice 

after intestinal perfusion with VEH (1uM KCl, n = 7 mice) or 3-indoxyl sulfate (3-IS, 1uM, n = 10 

mice), with or without pre- and co-perfusion with TRPA1 antagonist (A967079, 10uM, n = 7 mice). 

Yellow shading indicates perfusion of pure antagonist prior to co-perfusion of antagonist with 

metabolites. H) Normalized afferent vagal nerve firing rate before and during treatment with 3IS 

(left, n = 10 mice), or 3IS and A967079 (right, n = 7 mice). 3IS max, t = 2400s. Paired t-test. I) 

Afferent vagal activity as measured by AUC (from 600-2400s) in response to intestinal perfusion 

with VEH (1uM KCl, n=7 mice) or 3-indoxyl sulfate (3-IS, 1uM, n = 10 mice), with or without pre- 

and co-perfusion with TRPA1 antagonist (A967079, 10uM, n = 7 mice). One-way ANOVA + 

Tukey.  All data displayed as mean +/- SEM, *p < 0.05.  
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Figure 5.4: Lumenal BAs, SCFAs, and 3IS activate distinct subsets of vagal afferent 

neurons with heterogeneous kinetics. A) Diagram of experimental setup for in vivo calcium 

imaging. B) Representative heatmaps for cells responding to only pooled bile acids (BAs: cholate, 

1240nM; glycocholate, 3.5nM; chenodeoxycholate, 42nM; alpha-muricholate, 142nM; beta-

muricholate, 1080nM; deoxycholate, 390nM; taurodeoxycholate, 260nM; ursodeoxycholate, 

74nM; taurohyodeoxycholate, 18.8nM; 7-ketodeoxycholate, 100nM; lithocholate, 390nM; 

taurolithocholate, 0.33nM; n = 4 mice, n = 131 units, right), only pooled short-chain fatty acids 

(SCFAs: acetate, 80uM; butyrate, 22uM; propionate, 10uM, n = 4 mice, n = 82 cells, middle), or 

only 3-indoxyl sulfate (3IS, 1uM, n = 4 mice, n = 132 cells, left). Recording duration for all 

experiments was 10 minutes. C) Percentage of metabolite-responsive neurons out of total 
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excitable neurons in response to lumenal perfusion of BAs (n = 5 mice), SCFAs (n = 5 mice), or 

3IS (n = 4 mice). D) Latency to maximum change in fluorescence for metabolite-responding 

neurons with lumenal perfusion of BAs (n = 4 mice), SCFAs (n = 4 mice) or 3IS (n = 4 mice). One-

way ANOVA + Tukey. E) Percentage of single- or dual- responding neurons following serial 

perfusion of BAs (n = 5 mice), SCFAs (n = 5 mice), and 3IS (n = 4 mice). Order of perfusion was 

scrambled between experiments. All data displayed as mean +/- SEM, ***p < 0.001 
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Figure 5.5: Microbial metabolites alter cFos levels in NTS neurons in a receptor-dependent 

manner.  A) Representative image of full ROIs in mNTS for cFos quantification (dotted line) and 

inset images in B (solid line). B-C) Significant increase in the % of cFos+ NTS neurons following 

lumenal perfusion of BAs (cholate, 1240nM; glycocholate, 3.5nM; chenodeoxycholate, 42nM; 

alpha-muricholate, 142nM; beta-muricholate, 1080nM; deoxycholate, 390nM; taurodeoxycholate, 

260nM; ursodeoxycholate, 74nM; taurohyodeoxycholate, 18.8nM; 7-ketodeoxycholate, 100nM; 

lithocholate, 390nM; taurolithocholate, 0.33nM, pooled, n = 3 mice), SCFAs (acetate 80uM, 

butyrate 22uM, propionate 10uM, pooled, n = 3 mice), and 3-IS (1uM, n = 4 mice) compared to 

vehicle (VEH, n = 3 mice) or corresponding receptor antagonists alongside each respective 

metabolite class (SBI-115, 200uM, n = 3 mice, GLPG0794, 10uM, n = 3 mice, A967079, 10uM, n 

= 3 mice). One-way ANOVA + Tukey. All data depicted as mean +/- SEM, *p < 0.05, **p < 0.01. 
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Supplemental Figure 5.1: Microbially-modulated cecal metabolites that were screened for 

effects on afferent vagal nerve activity. Lumenal levels of microbially modulated A) tryptophan 

metabolites, B) Fatty-acid ethanolamides (FAEs) PEA (palmitoyl ethanolmaide), OEA (oleoyl 

ethanolamide), LEA (linoleoyl ethanolamide), C) monohydroxy fatty acids (MFAs) 9-s- HODE and 
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13-s- HODE, D) succinate, E) glutamate. Welch’s t-test. All data displayed as mean +/- SEM, *p 

< 0.05, **p < 0.01, ***p < 0.001, ****p<.0001. 
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Supplemental Figure 5.2: Lumenal perfusion of select microbially-modulated metabolites 

does not alter vagal afferent nerve activity in vivo. A) Afferent vagal nerve firing rate in 
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response to lumenal perfusion of VEH (PBS, n = 10 mice). Tryptophan metabolites (TRPs) 

(kynurenine 100uM, kynurenic acid 16.1uM, xanthurenate 1uM, dihydrocaffeate 30nm, tryptamine 

0.03uM, pooled, n = 10 mice). Welch’s t-test. B) Afferent vagal nerve firing rate in response to 

VEH (PBS, n = 10 mice) or fatty-acid ethanolamides (FAEs, oleylethanolamide (OEA), 

palmitoylethanolamide (PEA), linoleylethanolamide (LEA), 10uM, pooled, n = 9 mice). Welch’s t-

test. C) Afferent vagal nerve firing rate in response to lumenal perfusion of VEH (PBS, n = 10 

mice) or monohydroxy fatty acids (MFAs) (9-s- and 13-s- HODE,1uM, pooled, n = 7 mice). 

Unpaired Welch’s t-test. D) Afferent vagal nerve firing rate in response to lumenal perfusion of 

VEH (PBS, n = 10 mice) or succinate (2mM, n = 7 mice). Welch’s t-test. E) Afferent vagal nerve 

firing rate in response to lumenal perfusion of VEH (PBS, n = 10 mice) or glutamate (50mM, n = 

8 mice). Welch’s t-test. F) Afferent vagal nerve firing rate in response to lumenal perfusion of VEH 

(PBS, n = 10 mice) or hippurate (2uM, n = 5 mice). Welch’s t-test.  G) Afferent vagal nerve firing 

rate in response to lumenal perfusion of VEH (PBS, n = 10 mice) or imidazole propionate (ImP, 

200nM, n = 8 mice). Welch’s t-test. H) Afferent vagal nerve firing rate in response to lumenal 

perfusion of VEH (PBS, n = 10 mice) or phenethylamine (PEA, 100uM, n = 8 mice). Welch’s t-

test. I) Afferent vagal nerve firing rate in response to lumenal perfusion of VEH (PBS, n = 10 mice) 

or trimethylamine-N-oxide (TMAO, 3uM, n= 8 mice). Welch’s t-test. All data displayed as mean 

+/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001 
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KEY RESOURCES TABLE  
      
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies      
Guinea pig anti-NeuN Sigma Cat# ABN90 
Rabbit anti-cFos  Abcam Cat# ab209794 
Prolong Gold Antifade Mountant with 
DAPI 

ThermoFisher Cat# P36931 

Chemicals and Peptides and 
Recombinant Proteins 

    

Ampicillin Sigma Cat# A9518 
Metronidazole  Sigma Cat# M1547 
Neomycin Sigma Cat# N1876 
Vancomycin Chem-Impex 

International 
Cat# 00315 

7-Ketodeoxycholic Acid Sigma Cat# SMB00806 
Alpha-Muricholic Acid Cayman 

Chemical 
Cat# 20291 

Beta-Muricholc Acid Sigma Cat# ML2372 
Sodium Cholate Hydrate Sigma Cat# C9282 
Sodium Chenodeoxycholate Sigma Cat# C8261 
Deoxycholate Sigma Cat# D6750 
Sodium Glycocholate Hydrate Sigma Cat# G7132 
Lithocholic Acid Sigma Cat# L6250 
Sodium Taurodeoxycholate Hydrate Sigma Cat# T0557 
Sodium Taurohyodeoxycholate hydrate Sigma Cat# T0682 
Sodium Taurolithocholate Sigma Cat# T7515 
Ursodeoxycholic Acid Sigma Cat# U5127 
SBI-115 MedChem 

Exppress 
Cat# HY-111534 

Sodium Acetate Sigma Cat# S2889 
Sodium Butyrate Sigma Cat# B5887 
Sodium Propionate Sigma Cat# P1880 
GLPG0974 MedChem 

Exppress 
Cat# HY-12940 

Indoxyl Sulfate Potassium Salt Sigma Cat# I3875 
A967079 MedChem 

Exppress 
Cat# HY-108463 

L-Kynurenine Sigma Cat# K8625 
Kynurenic Acid Sigma Cat# K3375 
Xanthurenic Acid Sigma Cat# D120804 
Dihydrocaffeic Acid Sigma Cat# 102601 
Tryptamine Sigma Cat# 193747 
Oleylethanolamide  Sigma Cat# O0383 
Palmitoylethanolamide Sigma Cat# P0359 
Linoleylethanolamide Sigma Cat# L1164 
9-s-HODE Sigma Cat# SML0503 
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13-s-HODE Sigma Cat# H9146 
Succinic Acid Sigma Cat# S3674 
L-Glutamic Acid Sigma Cat# G1251 
Hippurate Sigma Cat# H9380 
Imidazole Propionic acid Sigma Cat# 77951 
Phenethylamine Sigma Cat# 241008 
Trimethylamine-N-Oxide Sigma Cat# 317594 
Deposited Data     
Metabolomics Data This study N/A 
Experimental Models: Organisms/Strains     
Mouse: C57BL/6J Jackson 

Laboratories 
RRID:IMSR_JAX:000664 

Mouse: Phox2b-cre Jackson 
Laboratories 

RRID:IMSR_JAX:016223 

Mouse: Ai96 Jackson 
Laboratories 

RRID:IMSR_JAX:028866 

Software and Algorithms      
LabVIEW National 

Instruments 
www.ni.com 

MATLAB MathWorks www.mathworks.com 
OriginPro Origin Lab www.originlab.com 
PRISM 6 GraphPad www.graphpad.com 
Minian Dong et al. https://minian.readthedocs.io/e

n/stable/index.html 

FIJI Schindelin et al. RRID:SCR_002285 
Other     
Zeiss LSM780 Zeiss N/A 
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EXPERIMENTAL MODELS AND SUBJECT DETAILS 

 

Mice 

All experimental procedures were carried out in accordance with US NIH guidelines for the care 

and use of laboratory animals and approved by the UCLA Institutional Animal Care and Use 

Committees. Mice used for data collection were males, at least 6 weeks of age. C57BL/6J mice 

were purchased from Jackson laboratories (stock no. 000664), reared as SPF or rederived as GF 

and bred in flexible film isolators at the UCLA Center for Health Sciences Barrier Facility. Ai96 

(JAX stock no. 028866), Phox2b-cre (Phox2bcre; JAX stock no.016223), were obtained from 

Jackson laboratories and bred at the UCLA Biomedical Sciences Research Building barrier 

facility. Mice were housed on a 12-h light-dark schedule in a temperature-controlled (22-25°C) 

and humidity-controlled environment with ad libitum access to water and standard chow (Lab Diet 

5010).  

 
 
METHOD DETAILS 

Antibiotic treatment and conventionalization 

Adult SPF mice were gavaged twice daily for 1 week with a cocktail of vancomycin (50mg/kg), 

neomycin (100mg/kg) and metronidazole (100mg/kg) every 12 hours daily for 7 days. Ampicillin 

(1mg/mL) was provided ad libitum in drinking water. For conventionalization, fecal samples were 

collected from adult SPF C57BL/6J mice and homogenized in 1mL pre-reduced PBS per pellet. 

100uL of the homogenate was administered by oral gavage to recipient GF mice.  

  

Preparation of antibiotics, small-intestinal, and cecal contents 

Vancomycin and neomycin were diluted in water to a final concentration of 1mg/mL for all 

antibiotic perfusion experiments, then sterile filtered. Vehicle for all antibiotic perfusion 
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experiments was water. For SPF SI and cecal content preparations adult SPF male mice were 

euthanized, and SI and cecal lumenal contents were snap-frozen in liquid nitrogen. Equal weights 

of frozen SI and cecal content were then combined and diluted to a concentration of 0.1g/mL wet 

weight in sterile-filtered PBS. Samples were then centrifuged at 500g for 5 minutes to pellet out 

any large dietary components, and supernatants were used for lumenal perfusion. GF SI/cecal 

contents were collected in the same way from donor GF adult male mice. Sterile-filtered SI/cecal 

contents were prepared by vacuum-filtering SPF SI/cecal content supernatants through a 0.2µm 

filter. Sterile-filtered PBS was used as vehicle in all SI/cecal perfusion experiments.  

 

In vivo vagal electrophysiology 

Baseline vagal tone recordings: Adult SPF, GF, ABX, or CONV male mice were anesthetized with 

isoflurane (5%) and maintained at 1.8% throughout the experiment. The cervical vagus nerve was 

exposed, transected inferior to the nodose ganglion and placed across two platinum iridium wires 

(insulated except for a short segment in contact with the nerve) for recording of baseline vagal 

tone. Recordings were conducted for 10 minutes. Vagal recordings with lumenal perfusion: the 

cervical vagus nerve was prepared as above in adult male SPF mice. Additionally, a 20-gauge 

gavage needle attached to a peristaltic pump (Cole Parmer) with separate tubing for each infusion 

solution was inserted into the duodenal lumen and secured with sutures. An outflow port was 

generated by transecting the small intestine ~10cm distal to the inflow site. During recording, 

vehicle was first perfused through the lumen at a constant rate for 10 minutes to establish a 

baseline following surgery at a flow rate of 250 ul/minute.20 Following the baseline period, stimuli 

were introduced into the small-intestinal lumen and perfused at the same rate for the remainder 

of the experiment. Data Acquisition: a differential amplifier was used (A-M Systems LLC). The 

gain was set to 1000x and a bandpass filter was applied (300Hz-5kHz). The signal was digitized 

at 20kHz using a data acquisition board (National Instruments) under the control of LabView 

software Data Analysis: Spikes were detected using an SO-CFAR threshold (window duration of 
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1501/8000, guard duration 10/8000) to generate an adaptive threshold 4SD above RMS noise88. 

Firing rates were calculated by generating 10s (baseline vagal tone) or 30s (perfusion 

experiments) bins and then applying a Savitszky-Golay filter (OriginPro) of 10 points. Baseline 

vagal tone was defined as the average of the final 300s of recording. All raw values were 

normalized to the SPF cohort average for the rig on which the recordings took place. Perfusion 

experiments: baseline values were defined as the average frequency of the final 60s of recording 

in the initial baseline period (F0). Frequency of the recording was then normalized to the baseline 

value within-subject (F/Fo). Area under the curve was calculated for each stimulus window and 

defined as the integral of frequencies over the stimulus window.  

 

Metabolomics 

Samples were collected from adult SPF, GF, ABX, or CONV mice. Lumenal contents were 

collected from the first 3cm of small intestine and the entirety of the cecum, then snap frozen in 

liquid nitrogen and stored at -80°C. Samples were prepared using the automated MicroLab STAR 

system (Hamilton Company) and analyzed on gas chromatography (GC)-mass spectrometry 

(MS), liquid chromatography (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 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 
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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. 

 

Preparation of metabolite pools and single metabolites 

All working metabolite solutions were made up in PBS and up to 0.05% DMSO, brought to a pH 

of 7.3, and sterile filtered. The concentrations for each metabolite pool and individual metabolites 

were determined from serum metabolomics data in the lab (data not shown) and existing literature 

and are as follows: Tryptophan metabolites (kynurenine 100uM,89 kynurenic acid 16.1uM,90 

xanthurenate 1uM,91 dihydrocaffeate 30nm, tryptamine 0.03uM, pooled), FAEs 

(oleylethanolamide (OEA), palmitoylethanolamide (PEA), linoleylethanolamide (LEA) 10uM, 

pooled)92, HODEs (9-s- and 13-s- HODE,1uM, pooled), succinate (2mM), glutamate (50mM), bile 

acids (cholate 1240nM, glycocholate 3.5nM, chenodeoxycholate 42nM, alpha-muricholate 

142nM, beta-muricholate 1080nM, deoxycholate 390nM, taurodeoxycholate 260nM, 

ursodeoxycholate 74nM, taurohyodeoxycholate 18.8nM, 7-ketodeoxycholate 100nM, lithocholate 

390nM, taurolithocholate .33nM, pooled), short-chain fatty acids (acetate 80uM, butyrate 22uM, 

propionate 10uM, pooled), hippurate (2uM)93, Trimethylamine-N-oxide (TMAO, 3uM)94, imidazole 

propionate (200nM),95 phenethylamine (PEA, 100uM)13 or 3-indoxyl sulfate (1uM).96 Vehicle for 

tryptophan metabolites, FAEs, MFAs, succinate, glutamate, SCFAs, TMAO, hippurate, imidazole 

propionate, and phenethylamine was sterile-filtered PBS. Vehicle for BAs was 0.05% DMSO in 

PBS, Vehicle for 3-IS was 2µM KCl in PBS.  

 

In vivo calcium imaging  

Vagal afferent neuron imaging was performed as previously described.20 In brief, SPF mice were 

anesthetized with a cocktail of ketamine and xylazine (100 mg/kg and 10 mg/kg, intraperitoneal), 
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tracheotomized, and maintained on 1.5% isoflurane for the remainder of the surgery and imaging 

session via ventilator (Kent Scientific). Body temperature was maintained at 37°C using an 

electrical heating pad and rectal temperature probe (Kent Scientific). The vagus nerve was 

transected superior to the jugular ganglion and vagal ganglia were then embedded between two 

5mm-diameter glass coverslips (neuVitro) with silicone adhesive (KWIK-SIL, World Precision 

Instruments). Imaging was conducted on a Zeiss LSM 780 confocal microscope at a frame rate 

of 1Hz. Analysis of imaging data: Imaging data were analyzed using custom Python scripts based 

on the Minian pipeline.97 Imaging data was registered to collect for motion artifacts and denoised 

using a median filter. A constrained non-negative matrix factorization (CNMF) algorithm was used 

to identify single cells and extract calcium activity. CNMF output regions of interest were then 

manually inspected to remove non-neuronal signals. Metabolite stimuli order was randomized to 

account for order-specific effects on neuronal activity.  For single-unit analysis in response to 

sequential metabolite application, neuronal regions of interest were cross-registered across 

stimulus runs and compared to determine single- or dual- responsivity to metabolite classes. The 

baseline period for the calcium signal was calculated as the average of the last 120 seconds 

before stimulus onset (Fo). Responses were reported in units of baseline fluorescence. Cells were 

considered responsive to stimuli if the maximal DF/F signal following stimulus onset was i) greater 

than 2 standard deviations above the baseline fluorescence, and ii) the mean DF/F signal over a 

20s window around peak response was >50% of the baseline value. Only units that displayed a 

DF/F signal >4 standard deviations over the baseline fluorescence in response to an electrical 

stimulus were included in analysis. For visualization, metabolite-responding units were 

hierarchically clustered over the entire time-course of each experiment. 

 

Immunohistochemistry for cFos  
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Lumenal perfusion of stimuli: Mice were anesthetized with 5% isoflurane and maintained at 2% 

for the entirety of the surgery. To begin intralumenal perfusion, the small intestine was transected 

at the pyloric sphincter, the junction between the stomach and duodenum, to create an inflow 

port. Subsequently, a gavage needle attached to a peristaltic pump was inserted into the duodenal 

lumen. An outflow port was made by transecting the small intestine 3 centimeters distal to the 

inflow port. All lumenal contents were flushed from the small intestine with PBS. Animals were 

then continually perfused with PBS at 250uL/min flow rate for a 10-minute baseline period, 

followed by perfusion of stimuli for 30 minutes at a constant flow rate to account for any 

mechanical distension. Following stimulus perfusion, mice remained under anesthesia for one 

hour to allow for cFos induction before tissue harvesting. Following the one-hour rest period, 

animals were sacrificed, and tissues were harvested and fixed via intracardial perfusion of ice-

cold PBS followed by 4% paraformaldehyde (PFA). Brains were then post-fixed in 4% PFA at 4°C 

for 3 hours followed by an overnight incubation in 30% sucrose at 4°C for cryoprotection. Ganglia 

were positioned bulb-side down in optimal cutting temperature compound (OCT compound) and 

frozen for cryostat sectioning. Tissues were then sectioned at 30µm and mounted on a 

microscope slide for immunohistochemical processing (IHC). Slides were thawed for 10 minutes 

at room temperature in a humidified chamber to prevent the tissue from drying and then 

permeabilized in 0.5% Triton/0.05% tween-20 in PBS (PBS-TT). Blocking solution consisting of 

5% normal goat serum (NGS) in PBS-TT was applied to the tissue and allowed to incubate at 

room temperature for two hours to prevent non-specific antibody binding and reduce background 

staining. The tissue sections were then incubated overnight at 4°C with primary antibodies (rabbit 

anti-cFos 1:500, and guinea pig anti-NeuN, 1:500) in blocking solution (5% NGS + PBS-TT). The 

following day, slides were washed three times, five minutes per wash, with PBS-TT before 

incubating at room temperature for two hours with secondary antibodies (goat anti-rabbit 488 

1:1000, goat anti-guinea pig 568 1:1000, and DAPI 1:1000) in blocking solution (5% NGS + PBS-

TT). Confocal Imaging and Quantification Analysis: Images were obtained using a 20x air 
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objective (NA 0.8) on an upright Zeiss LSM 780 confocal microscope. Z-stacks were acquired for 

three technical replicates of NTS brain tissue and maximum-intensity projections were generated 

for subsequent analysis in ImageJ. NTS sections were selected and ROI’s were drawn based off 

of the Allen Mouse Brain Atlas. First, NeuN positive (NeuN+) cells that were each confirmed to 

colocalize with a DAPI nucleus were counted using the multi-point tool to obtain the total number 

of neurons. Subsequently, cFos+ cells were counted using the multi-point tool by confirming 

colocalization of a cFos immunofluorescence signal with NeuN and DAPI. For each image, the 

total number of cFos+ neurons were divided by the total number of NeuN+ cells to obtain the 

percentage of cFos+ neurons. Finally, the percentage of cFos+ neurons for all technical replicates 

of NTS slices per animal were averaged to obtain a biological n=1 and find the overall percentage 

of cFos+ neurons.  

 

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 figure, n = 

the number of independent biological replicates. Outliers were identified with ROUT using a 

threshold of q = 2% for all electrophysiological recordings. 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. If 

groups were determined to have significantly different variances, groups were assessed with 

Brown-Forsythe and Welch ANOVA + Games-Howell testing or Wilcoxon matched-pairs signed 

rank test.  Significant differences emerging from the above tests are indicated in the figures by *p 

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Notable non-significant (and non-near significant) 

differences are indicated in the figures by “n.s.”. 
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