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ABSTRACT OF THE DISSERTATION

The gut microbiota mediates dietary and stressor-induced risk for murine neurological

dysfunction

by

Christine Ann Olson

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2021

Professor Elaine Hsiao, Chair

The gut microbiota varies in a host of human neurological disorders and in murine models
is critical to proper neurodevelopment and in neuropathologies. However, current
mechanistic evidence is lacking for how microbes related to homeostatic and/or
pathological signaling affect these processes. The incidence of neurological disorders
without viable treatment options, including epileptic disorders and cognitive impairment,
is increasing which raises the impetus in searching for novel biological pathways and
mechanisms by which these disorders may be prevented or treated. The gut microbiota
has gained attention as a modifier of neurological risk for disorders in development,
adulthood, and aging. The work described in this thesis isolates molecular mechanisms
by which the gut microbiota mediates environmental protection or risk in murine models
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of epileptic episodes, cognitive impairment, and host metabolic dysfunction. Specifically,
we report that the ketogenic diet, which provides protection against intractable epileptic
seizures, mediates this effect in mice through the gut microbiota, more specifically
through modifying gamma-glutamylated amino acids. We characterize cognitive and
neurophysiological responses in mice mediated by dietary and stressor-induced changes
in the gut microbiota, which is mediated by microbial changes in host immune pathways.
Together, our findings provide mechanistic evidence that the host microbiota prevents

and contributes to murine neurological dysfunction.

il



The dissertation of Christine Ann Olson is approved.

Alcino Jose Silva
Xia Yang
Jonathan P. Jacobs
Yvette Tache

Elaine Yih-Nien Hsiao, Committee Chair

University of California, Los Angeles

2021

v



PREFACE

This dissertation was supported in part by National Institutes of Health (NIH) National
Research Service Award Institutional Training Grant (T32), NIH Individual Predoctoral
Fellowship (F31), the UCLA Graduate Division Dissertation Year Fellowship, and the
UCLA Edith L. Hyde Award. All the work was performed primarily by me with the exception
of co-authored work in Chapters 1, 2, 4, 6, 8 and Appendix 2. Specific author contributions
are indicated in each Chapter. The Chapters listed below are reprints or versions of
published or submitted manuscripts, reproduced with permission.

Chapter 1 is a version of:

Jameson, K.G., Olson, C.A., Kazmi, S.A., Hsiao, E.Y. Toward Understanding

Microbiome-Neuronal Signaling. Molecular Cell. (2020).

Chapter 2 is a version of:

Lum, G.R., Olson, C.A., Hsiao, E.Y. Emerging roles for the intestinal microbiome in

epilepsy. Neurobiology of Disease. (2019).

Chapter 4 is a version of:

Fung, T. C., Olson, C. A., Hsiao, E. Y. Interactions between the microbiota, immune and

nervous systems in health and disease. Nature Neuroscience 20, 145-155, PMID:

28092661 (2017).



Chapter 5 is a version of:

Olson, C.A., Vuong, H.E., Yano, J.M, Liang, Q.L., Nusbaum, D.J., Hsiao, E.Y. The gut

microbiota mediates the anti-seizure effects of the ketogenic diet. Cell. 173(7):1728-

1741.e13. PMID: 29804833 (2018).

Chapter 6 is a version of:

Olson, C.A., Idiguez, A.J., Yang, G.E., Fang, Ping, Pronovost G.N., Jameson, K.G.,

Rendon, T.K., Paramo, J., Barlow, J.T., Ismagilov, R.F., Hsiao E.Y. The gut microbiota

modulates environmental risk for cognitive impairment. Cell Host and Microbe (2021).

Chapter 7 is a version of:

Ahn, ., Lang, J., Olson, C.A., Ying, Z., Zhang, G., Byun, H., Zhao, Y., Kurt, Z. Lusis,

A.J., Hsiao, E.Y., Gomez-Pinilla, F., Yang, X. Host Genetic Background and Gut
Microbiota Contribute to Differential Metabolic Responses to High Fructose

Consumption in Mice. Journal of Nutrition. (2020).

Chapter 8 is a version of:

Vi



Noble, E., Olson, C.A., Davis, E., Tsan, L., Chen, Y., Schade, R., Liu, Clarissa, Suarez,

A., Jones, R., Goran, M., de la Serre, C., Yang, X., Hsiao, E.Y., Kanoski, S. Gut

microbial taxa elevated by dietary sugar disrupt memory function. Translational

Psychiatry (2021).

Appendix 1 is a version of:

Ulzee, A., Shenhav, L., Olson, C.A., Hsiao, E.Y., Halperin, E., Sankararaman, S.

STENSL: microbial Source Tracking with ENvironment SeLection. RECOMB. (2021).

vii



Table of contents

R 1 - TR ix-x
Acknowledgements..............coooiiiii i Xi-Xv
OVEIVIEW........ooie ettt e e s e e e an e e e s e ne e e s e nn e e e saesenneeeean 1-6
Chapter 1: Toward understanding microbiome-neuronal signaling.................... era7-30
Chapter 2: Emerging roles for the intestinal microbiome in epilepsy.................... 31-62

Chapter 3: Bacterial modulation of neurotransmitters and potential implications for
health and
(0 EST == ] PP 63-111

Chapter 4: Interactions between the microbiota, immune and nervous systems in
health and
(0 IS T == ] P 112-173

Chapter 5: The gut microbiota mediates the anti-seizure effects of the ketogenic
0 1 PP 174-260

Chapter 6: The gut microbiota modulates environmental risk for cognitive
0] 0= 11 41T | PP 261-341

Chapter 7: Host genetic background and gut microbiota contribute to differential
metabolic responses to high fructose consumption in Mice..........cceeeveiieniienennnen. 342-379

Chapter 8: Gut microbial taxa elevated by dietary sugar disrupt memory

1101 (o ({0 o 1 380-422

Concluding reMarks............oooiiiiiii e 423

Appendix 1: STENSL: microbial Source Tracking with ENvironment
T2 =T o 1) o 424-457

Appendix 2: Evaluating the gut microbiota in aging and frailty metrics............. 458-474

viii



VITA

EDUCATION

Ph.D. Candidate

University of California, Los Angeles
Molecular, Cellular and Integrative Physiology

Bachelor of Science, June 2013

University of California, Davis
Neurobiology, Physiology, and Behavior; English Minor

FELLOWSHIPS AWARDED

2020-2021, UCLA Graduate Division Dissertation Year Fellowship

e 2019-2021, NIH/NRSA Ruth L. Kirschstein Predoctoral Fellowship (1F31AG064844-01)
e 2019-2021, Advanced Predoctoral Fellowship in Neurobehavioral Genetics (T32NS048004)
e 2017-2018, Edith I. Hyde Fellowship, UCLA
e 2015-2017, NIH Institutional Predoctoral Fellowship, Molecular, Cellular and Integrative
Physiology (T32GM065823), 2015-2017
AWARDS

2019 Best Talk, UCLA Molecular, Cellular, Integrative Physiology Annual Retreat

2017 Society for Neuroscience Nancy Rutledge Zahniser Trainee Professional Development
Award

2017 BRI/Semel Institute Society for Neuroscience Meeting Travel Grant

2017 Best Poster Presentation, UCLA Molecular, Cellular, Integrative Physiology Annual Retreat
2017 Travel Grant, Attendance to Microbiome Analysis in the Cloud Seminar; Baltimore, MD

PRIMARY RESEARCH PUBLICATIONS

Olson, C.A., lhiguez, AJ., Yang, G.E., Fang, Ping, Pronovost G.N., Jameson, K.G., Rendon,
T.K., Paramo, J., Barlow, J.T., Ismagilov, R.F., Hsiao E.Y. The gut microbiota modulates
environmental risk for cognitive impairment. Under review (2021).
Olson, C.A., Vuong, H.E., Yano, J.M, Liang, Q.L., Nusbaum, D.J., Hsiao, E.Y. The gut
microbiota mediates the anti-seizure effects of the ketogenic diet. Cell. 173(7):1728-1741.e13.
PMID: 29804833 (2018).

o Recipient of the 2019-20 Life Sciences Excellence Award for Outstanding Research

Publication from UCLA Life Sciences

Noble, E., Olson, C.A., Davis, E., Tsan, L., Chen, Y., Schade, R,, Liu, Clarissa, Suarez, A.,
Jones, R., Goran, M., de la Serre, C., Yang, X., Hsiao, E.Y., Kanoski, S. Gut microbial taxa
elevated by dietary sugar disrupt memory function. Translational Psychiatry (2021).
Ulzee, A., Shenhav, L., Olson, C.A., Hsiao, E.Y., Halperin, E., Sankararaman, S. STENSL.:
microbial Source Tracking with ENvironment SeLection. RECOMB. (2021).
Ahn, 1., Lang, J., Olson, C.A., Ying, Z., Zhang, G., Byun, H., Zhao, Y., Kurt, Z. Lusis, A.J., Hsiao,
E.Y., Gomez-Pinilla, F., Yang, X. Host Genetic Background and Gut Microbiota Contribute to
Differential Metabolic Responses to High Fructose Consumption in Mice. Journal of Nutrition.
(2020).
Orbay, H., Little, C.J., Lankford, L., Olson, C.A., Sahar, D.E., The Key Components of Schwann
Cell Differentiation Medium and the Effects on Gene Expression Pattern of Adipose Derived
Stem Cells. Annals of Plastic Surgery, 74, 584-588, doi:10.1097/sap.0000000000000436
(2015).
Hinchcliff, K., Olson, C.A., Little, C.J., Orbay, H., Sahar, D.E. Irradiated Superficial Femoral
Artery Rupture after Free Flap: A Case Report and Review of the Literature. Annals of Plastic
Surgery 74 Suppl 1, S15-18, doi:10.1097/sap.0000000000000432 (2015).

REVIEWS, PERSPECTIVES, AND PREVIEWS

Olson, C.A., Lum, G.R., Hsiao, E.Y. Ketone Bodies Exert Ester-Ordinary Suppression of
Bifidobacteria and Th17 Cells. Cell Metabolism (2020).

iX



Jameson, K.G., Olson, C.A., Kazmi, S.A., Hsiao, E.Y. Toward Understanding Microbiome-
Neuronal Signaling. Molecular Cell. (2020).

Lum, G.R., Olson, C.A., Hsiao, E.Y. Emerging roles for the intestinal microbiome in epilepsy.
Neurobiology of Disease. (2019).

Fung, T. C., Olson, C. A., Hsiao, E. Y. Interactions between the microbiota, immune and nervous
systems in health and disease. Nature Neuroscience 20, 145-155, PMID: 28092661 (2017).
Olson, C. A., Vuong, H. E., Hsiao, E. Y. Microbial Olympics: Equestrian Event. Nature
Microbiology doi:10.1038/nmicrobiol.2016.122 (2016).

PRESENTATIONS AND INVITED TALKS

Invited talk for American Epilepsy Society 2021, cannot attend due to COVID
Invited talk for Global Keto Meeting 2020, cancelled due to COVID
Invited talk for International Society for Neurochemistry delayed to 2021 because of COVID
Olson, C.A., Vuong, H.E., Yano, J.M,, Liang, Q.L., Nusbaum, D.J., Hsiao, E.Y. Indigenous
bacteria of the gut microbiota mediate antiseizure effects of the ketogenic diet. Society for
Neuroscience 2017.

o Selected for publication and presentation in the 2017 Society for Neuroscience Hot

Topics in Neuroscience book

Ahn, I.S., Lang, J., Ying Z., Byun, H.R., Zhang, G., Olson, C.A., Hsiao, E.Y., Lusis, A.J., Gomez-
Pinilla, F., Yang, X. “Host Genetic Background and Gut Microbiota Contribute to Differential
Metabolic Responses to High Fructose Consumption in Mice”. American Diabetes Association,
2018.
Irradiated Superficial Femoral Artery Rupture after Free Flap: A Case Report and Review of the
Literature. Presented to the California Society of Plastic Surgeons 2014 in Newport Beach, CA

MENTORSHIP EXPERIENCE

Alonso Iniguez (Sept 2017-July 2019): Masters student in Integrative Biology and Physiology
program. Studying microbiota-based effects on hippocampal gene expression. Current
employee of Pivot Bio, Inc.

Grace Yang (Jun 2019-present) Undergraduate student interested in dissecting microbiome-
brain interactions.

Gregory Lum (Jan 2019- Mar 2019) PhD student studying the consequences of ketogenic diet-
associated microbes on seizure susceptibility. Mentored as a rotation student and now
occasionally as a PhD student in our laboratory.

Julia Barnett (Jun 2017-Aug 2018): High school student interested in studying QIIME and
correlations between cognition and microbiome.

Qingxing Liang (Jan 2016-Jun 2018): Neuroscience undergraduate student engaged in
biochemical assays, dissections, growth curves, gPCR, behavioral analysis. Accepted to the
Undergraduate Research Scholars Program and presented a poster in her junior and senior
years. Current medical student at University of California, Irvine.

Benita Jin (Nov 2018-Jun 2019) PhD student in the Molecular, Cellular, and Integrative
Physiology program. Mentoring regarding choosing a thesis laboratory and tips for beginning
graduate school.

PATENTS

Olson CA, Iniguez, A., Hsiao EY (2019) Compositions and Methods for Modulating Cognitive

Behavior. UCLA. Provisional Application Number: 62/855,290.

Olson CA, Vuong HE, Yano JM, Hsiao EY (2016) Compositions and Methods for Inhibiting

Seizures. UCLA. Provisional Application Number: 62/436,711, 62/447,992.



Acknowledgements

Shakespeare wrote in The Tempest, “What is past is prologue”. With that, | would first
like to thank the individuals responsible for the prologue of this story: Dr. Marc Facciotti,
Dr. Brian Mulloney, Dr. Jim Trimmer and Dr. Belvin Gong, without whom | would have
never started my Ph.D. work. Dr. Facciotti sponsored my participation in the international
undergraduate synthetic biology competition iGEM in 2012, which first convinced me |
would love doing and sharing research. Dr. Mulloney helped begin a Neurobiology
laboratory course at my undergraduate institution UC Davis, and | was a student in the
first class. Through a humorous and serendipitous event, | met Dr. Trimmer through him,
who gave me my first post-graduation job producing antibodies for neuroscience under
Dr. Belvin Gong. Without these four people in particular, | would not have the courage to
begin this work in the first place, and to them | am forever grateful. This past was the
prologue to prepare me for studying how specific microbes affect the brain. | fulfilled a
dream by embarking on this journey, and | repeatedly reminded myself that even starting

my Ph.D. required a good deal of luck and failure in equal measures.

To my friend and classmate Dr. Taylor Brown, who never got the chance to experience
being a doctorate, may you forever rest in peace. | will cherish knowing you and value the

mental health of those | come in contact with for the rest of my life.

| would like to thank my primary mentor Dr. Elaine Hsiao. | am grateful | got to experience

the highs and lows of being your first graduate student, and | learned so much more than

xi



| would have elsewhere. | saw firsthand just how hard you worked to put a laboratory
together from the ground up, and it is amazing to consider where the lab is today due to
your efforts. This experience in graduate school has transformed my life, and | hope you
will agree with me when | say that | have grown through this time. Thank you for your
patience with me and for encouraging us to push ourselves and to pursue rigorous
science. If  am incredibly fortunate, one day | will have a first graduate student in my own
lab, and | will take the lessons | learned here onward to help them. Graduate school can
be a highly formative and therefore challenging experience, and | hope to help others

through that journey now that mine is coming to an end.

| would like to thank all of my collaborators, mentees, and committee members who both
helped enhance my own research and helped me explore other scientific avenues: Dr.
Thomas O’Dell, Dr. Walter Babiec, Dr. Rustem Ismagilov, Dr. Said Bogatryev, Jacob
Barlow, Master Alonso Ifiguez, Qingxing Liang, Grace Yang, Julia Barnett, Geoff
Pronovost, Dr. Ping Fang, Dr. Helen Vuong, Jessica Yano, Kristie Yu, Gregory Lum, Dr.
Scott Kanoski, Dr. Emily Noble, Dr. Liat Shenav, Dr. Eran Halperin, Dr. Xia Yang, Dr. In
Sook Ahn, Dr. Jonathan Jacobs, Dr. Alcino Silva, and Dr. Yvette Tache. Thank you also
to the NIH, UCLA, and the Department of Defense for supporting me financially since

2013.

Thank you to the research animals who sacrificed their lives for this work, and thank you
to the Department of Laboratory Animal Medicine, Jorge Paramos, Tomiko Rendon, and

Julianne McGinn for caring for these animals.

xii



| would like to thank members of my department who helped me professionally and
administratively: Dr. Mark Frye, Dr. Jim Tidball, Nicholas Ross, and Ms. Yesenia Rayos.
Thank you for supporting me along the way through the structure of our program and

department.

| would like to thank my family, in particular my parents and older brother, Daniel. | am
lucky that since | am an Angeleno native, | have been able to see my parents most weeks
during my Ph.D. work, which has helped me to bounce back from failure and encouraged
me to better care for myself. | am lucky to have a father who helped encourage me from
an early age to pursue challenging but rewarding pursuits. Science was always the
subject | thought was most beautiful and poetic, even though | always found it challenging.
Though he halfheartedly tried to persuade me not to pursue a Ph.D., | did anyways.
Stubbornness runs in the family. My mother is a model for me in so many ways, and | am
lucky | got to see her excel in both in the professional sphere and as a mother to me and
my brother, especially in a time when she experienced much sexism along the way. She
helped convince me | could excel despite negative stereotypes and have fun along the
way. To my brother Daniel, | thank you for your support and for sending me memes and
dad jokes to cheer me up. As your younger sister, it has always been useful to have
someone 2.5 years older to get a sense of the road ahead and to have someone to look
up to. | know it is not always easy to be the “trailblazer” child. Thank you for encouraging
me to advocate for myself and for providing an assertive example to look up to. | would

like to thank my more extended family who have always been extremely supportive: Uncle

xiii



Drew, Uncle Wayne, Aunt Debbie, Erik, Uncle Hal, Aunt Kay, Audrey, Drew, and
Christina. In some ways, | think | am the wildest fever dream of both my grandmothers
who were both very intelligent women that did not get nearly as many opportunities as |
have to excel professionally, mainly due to the societal expectations of the times they

lived in and financial constraints. | feel particularly blessed to carry on that dream.

| would like to thank my partner, Jehhal. Hello. It is difficult to fully extend my gratitude
through words, but | thank you particularly for supporting me through difficulty and
providing laughs when | needed them. | have learned so much from your patient,
grounded, and kind outlook on life. Before | met you, | got easily lost in petty things. | still
sometimes do when | am frustrated or hurt. You help put everything into perspective, and
you help me drop things that no longer matter. | never expect you to be able to explain
this work (and do not ask me to explain yours), but you are certainly part of it coming to
fruition. | am grateful to the night | met you, for my life is more beautiful because of it.

Hopefully someday | will master scripting.

| would lastly, but certainly not least, like to thank my dear friends who saw me through
the highs and lows of this work. In particular, | extend gratitude to my classmate and close
friend (soon to be Dr.) Natalie Chen, who has heard every pitfall and failure | have faced
and has helped me over many painful hurdles. | simply could not have finished without
help from a strong and smart friend like you. It has been so incredibly helpful to make a
close friend to confide in who also understands the particular challenges that come with

pursuing academic science. | would like to thank Ms. Connie Tan, a close friend who has

X1V



helped me through thick and thin for 12 years now. | would like to thank Dr. Xuan Tran,
Dr. Aanand Patel, and Dr. Lynn Yi for helping me laugh along the way, for the times we
baked new things, and for our book club that eventually became an excuse to play board

games.

As | write this, we are in the midst of the deadly coronavirus pandemic. This crisis has
highlighted the critical societal need for basic biological research and for a strong public
health program. If there is any wish | have aside from keeping the public as healthy as
possible, it is to be able to thank each of these contributors in person. There are
additionally many people not listed here who also contributed to my journey. Every
experience | had helped me deal with painful rejection, fears of not finishing the work |
started, and anxiety about simply not being good enough. Thank you for every warm
improvement and interesting turn you have provided to my life. | am forever grateful to
each of you. | do not know what the future holds, but | do know that this past has been a

beautiful prologue and for that, | am grateful.

XV



Overview



The focus of my doctoral research has been to study mechanisms of host-microbe
interactions critical for neurological homeostasis or disease, and this falls under several
categories of questions: (i) how does the ketogenic diet associated microbiota affect
murine seizure susceptibility? (ii) how does the microbiota affect cognitive responses to
ketogenic diet and an environmental stressor? (iii) How do microbiota-immune
interactions contribute to cognitive impairment? (iv) Do gut microbes associated with
increased sugar consumption sufficiently impair behavioral performance and host
metabolism? (v) Are microbes associated with aging-related frailty? In Chapter 1-4, we
discuss how microbes interact with neurons, associations of the gut microbiota with
epileptic disorders, how bacteria can modulate neurotransmitters, and how microbes
interact with both the immune and nervous systems, which serve as primers to
understand the work in Chapter 5 on how the ketogenic diet-associated microbiota protect
against murine seizure susceptibility. Chapter 7 focuses on how the gut microbiota
associated with differing genetic backgrounds contributes to varied metabolic responses
to high fructose consumption. Following these works, we were interested in furthering our
understanding of how ketogenic diet associated microbes in the context of environmental
challenge can affect host cognition, which is discussed in Chapter 6. These findings are
furthered by Chapter 8 which demonstrates microbes associated with high sugar
consumption which sufficiently impair behavioral performance. In the Appendices are
preliminary findings relevant to this doctoral work. Appendix 1 focuses on STENSL, a
microbial source tracking methodology, and Appendix 2 focuses on how the microbiota

affects aging-related frailty.



This study began with a focus on the ketogenic diet (KD), a high fat, low
carbohydrate diet that has been well-validated to be protective in drug resistant epilepsy
disorders. Our laboratory demonstrated that in specific pathogen free mice (SPF), KD-
mediated seizure protection is lost with antibiotic-induced microbiome depletion (Abx) or
in mice that are raised germ free using the 6-Hz psychomotor seizure assay, which is a
well-validated test for intractable seizures. These findings demonstrate that the gut
microbiota is required for KD seizure protection. Additionally, we had shown that
gastrointestinal colonization of Abx mice with microbial taxa enriching on the KD
(Akkermansia muciniphila and Parabacteroides spp., AkkPb KD) was sufficient for
restoration of KD seizure protection. Seizure was only noted with AkkPb colonized
together, as Akk or Pb colonization alone had no significant effect on seizure protection.
We asked whether probiotic treatment of AkkPb in mice fed the control diet (CD SPF)
could confer seizure protection and found that after 28 consecutive days of AkkPb
administration, seizure protection significantly increased. Protection was not conferred to
mice treated with Akk alone, and seizure protection decreased when mice were treated
with heatkilled AkkPb (hk-AkkPb). | focused on dissecting which host metabolomic
changes imparted by the gut microbiota mediate KD seizure protection. To answer this
question, we first compared colon content and serum metabolomes for CD SPF KD SPF,
Abx KD, and AkkPb KD mice, and identified that both ketogenic y-glutamylated amino
acids and unmodified ketogenic amino acids generally decreased in the seizure protected
groups (KD SPF and AkkPb KD) relative to the unprotected groups (CD SPF and Abx
KD). We next hypothesized that decreased y-glutamylation in unprotected mice would

produce an antiseizure effect. The enzyme y-glutamyl transpeptidase (GGT) is



ubiquitously expressed across every kingdom and transfers y-glutamyl groups from
glutathione to amino acids. GGT activity is specifically inhibited by GGsTop, and after oral
gavage with GGsTop in CD SPF mice, seizure protection significantly increased. We also
demonstrated that injection of ketogenic amino acids in AkkPb KD mice reduced seizure
protection. We concluded that reductions in ketogenic y-glutamylated amino acids is
sufficient for seizure protection and next aimed to identify how the KD-associated gut
microbiota modulates y-glutamylation and how this process affects the brain. To address
whether the CD SPF microbiota directly modulates y-glutamylation, we performed a GGT
activity assay on CD SPF fecal samples and found significantly increased GGT activity
compared to KD SPF samples. We were interested to find that AkkPb colonization in mice
fed KD further reduced GGT activity, which indicated that AkkPb may have a direct
modulatory effect on GGT enzymatic activity. After performing the same activity assay
on samples from the probiotic study, we also found that GGT activity was reduced in fecal
samples for CD SPF mice after 28 days of AkkPb treatment. To isolate whether KD-
associated microbes directly affect GGT activity, we firstly performed in vitro growth
assays with Akkermansia and/or Parabacteroides merdae in either CD or KD-based
media. We determined that while Akkermansia growth rates are not directly affected by
Parabacteroides merdae, Parabacteroides merdae growth significantly increased with
Akkermansia presence. We performed GGT activity assays and found that
Parabacteroides merdae has GGT activity that is abolished with the presence of
Akkermansia in both CD and KD. These findings led us to conclude that KD-associated
microbes and the KD itself modulate GGT activity, which is one mechanism for seizure

protection. To better understand how the central nervous system is affected by the gut



microbiota, we performed metabolomics on CD SPF, KD SPF, KD Abx, and Abx-AkkPb
KD mice in the hippocampus, an important seizure gate. We identified that y-aminobutyric
acid (GABA), the primary inhibitory neurotransmitter, increased relative to proportions of
glutamate, the primary excitatory neurotransmitter for the seizure protected groups (KD
SPF and Abx-AkkPb KD). We hypothesize that decreased y-glutamylation enhances the
proportion of GABA to glutamate and that this process is directly cause by the gut
microbiota. In the future, targeted microbiota-based therapies could serve as a novel
therapeutic against neurological diseases, including intractable epilepsies.

Impaired cognition is one side-effect of intractable pediatric epilepsies, which has
demonstrated some improvement with dietary KD administration. These findings led to
researchers’ increased interest in the KD as a therapeutic for a broad host of neurological
disorders, including Alzheimer’s disease and Parkinson’s disease, however the data is
mixed in early clinical trials. These findings led us to next consider how the KD-associated
microbiota affects cognition in the context of an environmental stressor.

Cognitive impairment, defined by reduced attention, diminished learning and
memory, and impaired reasoning, is a common and pressing public health concern,
afflicting 16 million Americans and increasing globally (CDC 2011). Aging constitutes the
greatest risk factor for cognitive impairment, and the American aging population is
expected to increase to 88.5 million people by 2050. There is a pressing public health
need to identify clinically tractable targets for prevention and/or treatment of cognitive
impairment arising from both the lack of current treatment options and the rising aging
population. Environmental factors including hypoxic insult and dietary consumption

contribute to cognitive impairment probability, but precise mechanisms for how



environmental factors interact with impairment risk remains poorly understood. The gut
microbiota mediates environmental contributions to host health and disease and causally
modulates cognitive behavior in the novel object recognition, Barnes maze, and Morris
water maze tasks. Together, this evidence warrants investigation into whether the gut
microbiota modulates cognition during adulthood and aging. Our data support our central
hypothesis that the gut microbiota is important for mediating detrimental effects of hypoxia
(Hyp) murine hippocampal-dependent cognitive performance under ketogenic diet (KD)
consumption. Given the similarities between molecular mechanisms for Hyp-induced and
aging-induced cognitive impairment, we further hypothesize that select microbes modify
aging-induced cognitive deficits. Our rationale is that identification of gut microbes
contributing to cognition through changes in hippocampal and/or vagal nerve signaling
pathways will offer new therapeutic opportunities for aging-induced cognitive impairment.
We tested the hypothesis that specific microbial taxa mediate effects of the ketogenic diet
(KD) and hypoxia (Hyp) on cognitive behavior and test whether treatment with select
microbes modifies cognitive deficits; determine roles for the gut microbiota in modulating
hippocampal activity relevant to cognitive behavior; assess the contribution of immune
cell signaling to microbiota-dependent modulation of cognitive behavior. Upon
conclusion, we hope this work contributes to better understanding of how the gut
microbiota modulates cognitive behavioral outcomes.

Future studies will analyze the role microbiota-gut-brain circuits play in microbial
modulation of host cognition and focus on identifying precise microbial molecules

responsible for cognitive behavioral changes.



Chapter 1

Toward understanding microbiome-neuronal signaling

Kelly G. Jameson, Christine A. Olson, Sabeen A. Kazmi, Elaine Y. Hsiao

Published 2020 in Molecular Cell



Summary

Host-associated microbiomes are emerging as important modifiers of brain activity
and behavior. Metabolic, immune and neuronal pathways are proposed to mediate
communication across the so-called microbiota-gut-brain axis. However, strong
mechanistic evidence, especially for direct signaling between microbes and sensory
neurons, is lacking. Here, we discuss microbial regulation of short-chain fatty acids,
neurotransmitters, as yet uncharacterized biochemicals, and derivatives of
neuromodulatory drugs as important areas for assessing microbial interactions with the

nervous system.

Introduction

We have co-evolved with trillions of indigenous microorganisms that comprise the
human microbiota. Over the past decade, the notion that the microbiome is a key regulator
of host physiology and behavior has skyrocketed with the advancement of multi’'omics
technologies, gnotobiotic tools, intersectional genetics, and live imaging. Early studies
linking alterations in the gut microbiome with neurobehavioral phenotypes launched the
concept of a microbiota-gut-brain axis, whereby intestinal microbes influence brain and
behavior through immune, neuronal, and metabolic pathways. In particular, emerging
evidence suggests that select members of the microbiota have the ability to synthesize
and/or regulate various neurochemicals known to modulate neurotransmission, as well

as a vast milieu of other metabolites that may directly or indirectly impact neuronal activity.
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As such, the role of mutualistic microbes in regulating sensory neuronal communication
along the gut-brain axis is of active scientific interest. Microbial modulation of dietary
molecules, neurotransmitters, as yet uncharacterized metabolites, and neurological drugs
represent major areas for research, toward uncovering mechanisms for microbial

modulation of neuronal activity (Figure 1).

Microbial Regulation of Short-Chain Fatty Acids

Early studies on feeding behavior, led by such pioneers as Claude Bernard and
lvan Pavlov, laid the foundation for the concept of a brain gut axis through dietary
modulation (Leulier et al., 2017). With the advent of germ-free rodent models in the 1920s
(Gustafsson, 1946), gut microbes were identified as important mediators of dietary
metabolism and host nutrition. Germ-free animals exhibited substantially deficient levels
of the short-chain fatty acids (SCFAs) butyrate, propionate, acetate and valerate in the
intestine and blood, indicating a crucial role for the microbiota in regulating local and
systemic SCFA bioavailability in the host (Hoverstad and Midtvedt, 1986). Continued
research in this area has uncovered molecular mechanisms underlying microbial
production of SCFAs through their fermentation of complex polysaccharides, propelled
by the discovery and characterization of polysaccharide utilization loci present in
Bacteroidetes (Bjursell et al., 2006).

A wealth of evidence has further demonstrated that alterations in the microbiota
and SCFAs are associated with conditions in which food intake behaviors are
dysregulated (Byrne et al., 2015). In particular, alterations in the gut microbiota are seen
in obese mice and humans, which correlate with alterations in the levels of acetate and

butyrate (Ridaura et al., 2013; Turnbaugh et al., 2006). Propionate administration to
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patients with obesity enhanced gut hormone secretion while reducing adiposity and
overall weight gain (Chambers et al., 2015). While some of the animal studies highlight
microbial regulation of appetite as a basis for the observed differences in weight gain,
exactly how microbial regulation of SCFAs impacts host feeding behaviors remains
unclear. The SCFA receptors free fatty acid receptors 2 and 3 (FFAR2, FFAR3) are
expressed in the enteric nervous system, the portal nerve, as well as various sensory
ganglia (De Vadder et al., 2014; Egerod et al., 2018), suggesting a role for activation of
the nervous system in mediating these effects. Consistent with this, propionate feeding
induces fos expression in the dorsal vagal complex of the brainstem, the hypothalamus,
as well as in the spinal cord (De Vadder et al., 2014), raising the question of whether
SCFA-induced stimulation of peripheral sensory neuronal activity could mediate the
effects of SCFAs on host feeding behavior.

As the list of host behaviors that are modified by the gut microbiome continues to
grow (Vuong et al., 2017), a key open question is the extent to which microbial regulation
of molecules relating broadly to nutrition underlie reported effects of the microbiome on
complex host behaviors, spanning homeostatic feeding, social, stress-related and
cognitive domains. SCFAs are fundamental molecules involved in regulating energy
homeostasis, and SCFA receptors are expressed by a wide variety of non-neuronal cell
subtypes as well. In immune cells, for example, SCFAs can regulate T regulatory cell
differentiation (Arpaia et al., 2013; Furusawa et al., 2013; Smith et al., 2013) and
microglial maturation (Erny et al., 2017), whereas in enteroendocrine cells, SCFAs can
stimulate the release of gut hormones (Larraufie et al., 2018). In addition to promoting

SCFAs, the gut microbiota is integral to secondary metabolism of bile acids, another class
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of diet-related metabolites for which cognate receptors are expressed by various cell
types, including subsets of sensory neurons, to regulate diverse host phenotypes
(Mertens et al., 2017). In light of their pleiotropic effects, studies that dissect the precise
signaling pathways by which SCFAs and bile acids alter host behaviors are warranted.
Efforts to determine the functional roles of specific neuronal pathways in SCFA and bile
acid signaling would be particularly illuminating toward uncovering roles for the microbiota

in regulating neuronal activity via dietary metabolism.

Microbial Regulation of Neurochemicals

While the gut microbiota may affect host behavior through the regulation of dietary
metabolites, like SCFAs and bile acids, emerging research indicates that select gut
microbes also regulate levels of host neurotransmitters. The finding that microbes can
directly synthesize neurotransmitters is rooted in the first discovery of chemical
transmitters by Sir Henry Dale in the early 1900s (Valenstein, 2002). In studying ergot on
wheat rye, he discovered the transmitter acetylcholine over a decade before it was
extracted from mammalian tissue. Together with George Barger, Dale found that
acetylcholine mimicked the effects of parasympathetic nerve stimulation, suggesting
chemically-mediated neurotransmission. It was realized later that the acetylcholine itself
was likely derived from Bacillus contaminants in the ergot, rather than from the ergot itself.
Since this landmark discovery, additional neurotransmitters, including norepinephrine
(NE), serotonin (5-HT), y-aminobutyric acid (GABA) and dopamine (DA) have been found
to be produced by bacteria in culture and to be regulated by the microbiota in animals
(Strandwitz, 2018). Despite these tantalizing associations, all kingdoms of life produce

the amino acid derivatives that form common “neurotransmitters”, raising the questions:
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what are the functional roles of neurotransmitters in microbes, and can host-associated
microbes impact the nervous system through neurotransmitter modulation?

As yet, only a few studies have examined the effects of canonical
neurotransmitters on bacterial physiology. One relatively early series of studies revealed
that the catecholamines NE and epinephrine exhibit structural similarity to the quorum
sensing molecule autoinducer-3, and therefore each stimulates enterohemorrhagic E. coli
motility and virulence (Clarke et al., 2006). Researchers hypothesize that this direct effect
of NE and epinephrine on bacterial pathogenesis may contribute to the ability of stress to
increase susceptibility to infection. More recently, a study utilizing in vitro co-culture
screens and metagenomic datasets revealed GABA-producing vs. GABA-consuming
bacteria from the human gut microbiota (Strandwitz et al., 2019). In particular, GABA
synthesized by Bacteroides fragilis supported the growth of KLE1738, suggesting that
select neurotransmitters may serve as growth substrates for bacteria. A separate study
found that 5-HT promotes intestinal colonization of the bacterium Turicibacter sanguinis,
similarly suggesting a role for a neurotransmitter in promoting microbial fitness (Fung et
al., 2019). Beyond these initial findings, little is known regarding the extent of
neurotransmitter modulation across various members of the gut microbiota, the specific
microbial genes and gene products used for their synthesis and catabolism, and the
molecular pathways underlying microbial sensing and response to neurotransmitters.
Integrated microbiological, biochemical and bioinformatic approaches are needed to
support in silico predictions informed by mult’omic datasets, in vitro determination of
microbial gene and protein function and in vivo investigation of microbial community

responses. ldentifying the molecular underpinnings for microbial synthesis,
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transformation and physiological response to neurotransmitters would further enable
mechanistic interrogation of the potential consequences of microbiota-dependent
neurotransmitter modulation on host physiology.

Despite evidence that select host-associated bacteria regulate neurotransmitter
levels locally in the intestine, and in some cases, systemically in the blood or distantly in
the brain itself, whether microbial modulation of neurotransmitters actually influences
neuronal activity and behavior remains poorly understood. In mice, the gut microbiota is
responsible for promoting the biosynthesis of up to 60% of colonic and blood 5-HT levels
by enterochromaffin cells (ECs) in the intestinal epithelium (Yano et al., 2015). In the
intestine, microbially-modulated 5-HT activates intrinsic afferent primary neurons of the
myenteric plexus to promote gastrointestinal motility, but whether extrinsic intestinally-
innervating nerves are also affected remains unknown. Separate studies suggest that
subsets of ECs may synapse with 5-HT-receptive afferent fibers of chemosensory vagal
or dorsal root neurons (Bellono et al., 2017; Bohdrquez et al., 2015), suggesting a direct
path for microbial regulation of local 5-HT to impact the central nervous system. While
evidence for microbiome-gut-sensory neuronal signaling is currently lacking, a growing
number of studies reporting effects of the microbiome on host behavior have applied
subdiaphragmatic vagotomy to demonstrate that severely impaired vagal signaling
abrogates microbial effects on behavior (Bravo et al., 2011; Sgritta et al., 2019). Additional
studies that circumvent the confounds of vagotomy and that carefully examine functional
neuronal responses to microbially modulated neurochemicals are needed to evaluate the
potential for microbes to directly affect neural activity. These efforts would be aided

greatly by the development of synthetic biological tools to identify, regulate and
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manipulate microbial genes for neurochemical modulation, coupled with host gnotobiotic
and intersectional genetic tools for selective microbial colonization and targeted
neurophysiological assessments. In addition to evaluating sensory neuronal pathways,
efforts to examine the humoral transport of microbially-modulated neurochemicals or their
precursors are warranted. Consistent with this possibility, heavy isotope-labeled acetate
in the colon enters the bloodstream, crosses the blood-brain barrier, elevates
hypothalamic acetate, and feeds into GABA neuroglial cycling to increase central GABA
production (Frost et al., 2014). Novel tools to selectively label target neuromodulators that
are produced or regulated by the microbiota, along with technologies for spatiotemporal
tracking in animals, would help enable efforts to evaluate the ability of the microbiota to

impact distant sites in the central nervous system.

Uncharacterized Microbial Products and the Nervous System

Aside from SCFAs, bile acids and neurotransmitters, there are likely many
additional microbiota-dependent biochemicals that have the potential to interact with
neurons. The human microbiota regulates a vast repertoire of metabolites not only in the
intestinal lumen, but also in the circulating blood and various organ systems of the host.
However, the identity, cognate receptors, signaling pathways and physiological functions
of many microbially modulated metabolites remain poorly understood (Milshteyn et al.,
2018). Recent functional metagenomics studies have begun to reveal the scope of
bacterial genes for metabolite synthesis and signaling to the host. By screening cosmid
metagenomic libraries, researchers identified host-associated bacterial effector genes,
which upon bioassaying the gene products, resulted in the discovery of commendamide,

an N-acyl amide capable of activating the host G-protein coupled receptor (GPCR/GPR)
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G2A (Cohen et al., 2015). Continuing their work on N-acyl amides, the researchers also
demonstrated that bacterially produced N-acyl serinol activated the endocannabinoid
receptor GPR119A (Cohen et al., 2017). These studies illustrate that functional
metagenomics can be a powerful tool, not only to discover novel bacterial metabolites,
but also to reveal how bacterial metabolites can affect host physiology through mimicking
endogenous GPCR ligands.

Recent studies have begun to identify GPCRs and orphan receptors that are
activated by bacterial metabolites in vitro. In a screen of supernatants from individually-
cultured bacteria from the human gut microbiota, receptors for DA, histamine, and 5-HT
were highly responsive to soluble bacterial products. Among many additional candidates,
bacterially-derived phenethylamine and tyramine activated DA receptors while bacterial
production of histamine itself activated histamine receptors (Chen et al., 2019). In addition
to these, as yet unidentified bacterial products activated a wide range of other
neuropeptide and hormone receptors, classically known to be expressed in the nervous
system. In another study, fractionated supernatants from a simplified human microbiome
consortium were similarly found to robustly activate neurotransmitter GPCRs. In addition
to histamine itself, bacterially produced cadaverine, putrescine, and agmatine also
activated histamine receptors (Colosimo et al., 2019). Bacterial supernatants containing
9,10-methylenehexadecanoic acid activated brain angiogenesis factor 1, while 12-
methyltetradecanoic acid activated neuromedin receptor 1. Overall, these studies provide
proof-of-concept that select microbial products could activate GPCRs known to be

expressed by neurons.
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Further research is required to identify specific microbial metabolites that are
capable of signaling to neurons and to determine whether they are bioavailable to the
host when produced by microbes within complex host-associated communities. While
existing studies demonstrate the potential for bacteria to activate select GPCRs, the
authentic identities of the bacterial molecules that affect individual receptors remain
largely unknown. Additionally, our knowledge as yet relies primarily on bacteria grown in
culture, alone or in limited communities, raising the question of whether there are
additional molecules left unassayed from microbes that were not cultured and whether
the data captures physiologically-relevant outputs of complex microbial community
interactions. Culture-independent approaches to screen metabolites directly from host
biospecimens would greatly aid in this regard. Beyond bacteria from the microbiome, the
roles for the mycobiome and virome in altering neuronal activity remain understudied.
While sensory nerve fibers in the skin directly sense infectious Candida albicans (Kashem
et al., 2015), whether non-pathogenic members of the mycobiome influence neuronal
activity is poorly understood. Moreover, bacteriophages alter levels of the
neurotransmitters tryptamine and tyramine in the gut (Hsu et al., 2019), but whether these
alterations ultimately impact neuronal activity is unclear. These studies highlight a need
for novel tools to selectively modulate non-bacterial members of the microbiome in order
to fully understand the complex role of the entire microbiome in modulating the host
nervous system.

While initial evidence suggests that microbes are capable of synthesizing
molecules that could directly bind to neuron-relevant GPCRs in vitro, additional research

is needed to determine whether they bind neuronal GPCRs in host tissues and to further
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evaluate the physiological consequences of their signaling. Accordingly, greater attention
to spatial variations in metabolite production and receptor activation in vivo is warranted.
Microbial communities exhibit distinct spatial structures, or “microbiogeographies”, along
and across the gastrointestinal tract (Donaldson et al., 2016). In addition, recent single-
cell RNA sequencing studies suggest that there is cellular, and potentially spatial,
heterogeneity in the receptor profiles of intestinally-innervating dorsal root and vagal
neurons (Hockley et al., 2019; Kupari et al., 2019). Advances in technologies for high
throughput in situ microbial imaging, metabolite profiling, and GPCR mapping would help
to establish the physiological landscape of the intestine to inform functional microbiome-

nervous system interactions.

Microbial Interactions with Drugs for Neurological Disease

The finding that select microbes can synthesize, modulate, sense and/or respond
to neurochemicals raises the question of whether they would additionally interact with
medical drugs that modulate neurotransmission. The gut microbiota encodes a diverse
array of enzymes capable of metabolizing pharmacological agents, thus potentially
influencing their bioavailability to the host and contributing to the wide range of intra-
patient variability in drug efficacy. Early work describing how the process of
glucuronidation promotes drug clearance, coupled with the identification of bacterial beta-
glucuronidases from gut microbes, have set the foundation for pioneering studies on
microbiomes as modulators of xenobiotic metabolism (Wallace et al., 2010). Since then,
xenobiotic metabolism by the microbiome has been extended to numerous drugs
targeting neurological indications. In sequencing studies of the human microbiota and

culture-based screens of bacterial interactions with common medications, many
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antipsychotics, antidepressants, opioids and anticholinergic drugs greatly affected
bacterial physiology and correlated with alterations in the composition of the gut
microbiota (Jackson et al., 2018; Maier et al., 2018; Zimmermann et al., 2019a). While
the distinct contribution of the microbiota to the metabolism of drugs can be difficult to
quantify alongside host-derived enzymes carrying out the same metabolic functions, a
recent study utilized gnotobiotic, pharmacological and bacterial genetic approaches to
disentangle microbial vs. host xenobiotic transformations. By comparing the metabolism
of the antiviral drug brivudine in multiple tissues of germ-free mice that vary in a single
microbiome-encoded enzyme, researchers were able to generate a pharmacokinetic
model to predict the contribution of the microbiota to features of drug metabolism,
including oral bioavailability, host drug-metabolizing activity, metabolite absorption, and
intestinal transit (Zimmermann et al., 2019b). This modeling approach was further applied
to dissect microbiota contributions to the metabolism of the antiviral drug sorivudine and
the benzodiazepine clonazepam (Zimmermann et al., 2019b).

Separate studies have utilized biochemical and metagenomic approaches to
identify particular bacterial species and novel bacterial enzymes that modulate the
metabolism of drugs, including those for neurodegenerative diseases. The mainstay
treatment for Parkinson’s disease, levodopa (L-dopa), is a natural precursor of DA that,
when administered peripherally, is able to cross the blood-brain barrier for local
conversion to DA in the brain. However, the gastrointestinal tract is a site of extensive
metabolism of the drug, leading to reduced bioavailability and unwanted side effects
caused by elevations in peripheral DA. Informed by mechanisms for host metabolism of

DA, a recent study identified a novel interspecies pathway for microbial metabolism of L-
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dopa, whereby Enterococcus faecalis decarboxylates L-dopa to DA, which is
subsequently dehydroxylated by Eggerthella lenta to m-tyramine (Maini Rekdal et al.,
2019). Remarkably, the presence of a single nucleotide polymorphism in the bacterial
gene encoding dopamine dehydroxylase was predictive of the capacity for certain
patients to metabolize the drug. As such, the field has begun to appreciate the microbiota
as a potential therapeutic target not only to aid in drug efficacy for the treatment of
neurological disorders, but also as a means for developing additional personalized
medical treatments.

Despite these exciting advancements toward our understanding of the molecular
mechanisms behind the microbial metabolism of neuromodulatory drugs, a gap remains
in our understanding of the relevance of these findings to the clinic. Few, if any, studies
to date have rigorously assessed the symptomatic outcomes resulting from altering
microbial metabolism of drugs for neurological disorders. As a result, it remains unclear
whether or not these mechanisms are ultimately impactful for clinically-relevant outcomes
in the host. Experiments utilizing genetically-tractable bacterial species alongside
gnotobiotic tools in animal models of disease are needed to assess the role of microbe-
specific functions on drug bioavailability and neurobehavioral outcomes. Advancements
such as these are paramount for our ability to better understand roles for the microbiome
in regulating inter-patient variability in responsiveness to drugs for neurological
conditions, and to assess the potential to inform tractable strategies for clinical

intervention.

Conclusion
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A growing body of evidence indicates that disruptions in host-associated
microbiomes can modify animal behavior and further supports the notion of signaling
across a microbiota-gut-brain axis. To date, several studies highlight sensory neuronal
signaling, humoral metabolic communication, and immunomodulation as likely direct and
indirect pathways that mediate microbiota-nervous system interactions, but studies that
clearly evaluate and dissect these signaling mechanisms are lacking. Recent advances
in sequencing, viral targeting, intersectional genetic and imaging tools, combined with
gnotobiotic and bacterial genetic systems, can improve or provide new insight of the
molecular and cellular mechanisms underlying microbiota-gut-brain communication and
the nuances that arise from the coordinated signaling of heterogeneous cell types in
response to pleiotropic microbial cues. In particular, studies profiling sensory neurons and
intestinal epithelial cells have uncovered the possibility for both direct and indirect
activation of sensory neurons by microbiota-dependent dietary products,
neurotransmitters and as yet uncharacterized metabolites either through binding of
receptors on afferent fibers themselves or via signaling to enteroendocrine cells in the gut
epithelium. However, experiments employing the use of conditional receptor knockouts
in specific neuronal or epithelial subpopulations and gain or loss-of-function constructs in
bacteria may aid in identifying pathway-specific effects of microbial signals in regulating
host brain function and behavior. Additionally, few studies to date have employed the use
of in vivo electrophysiological- and genetically-encoded calcium indicator-based tools in
order to directly assess the functional role of microbial-metabolite effects on neuronal
activity. Understanding the distinct circuitry and functional signatures involved in

mediating neuronal communication along the gut-brain axis is imperative for our
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understanding of how the gut microbiota modifies host physiology. While such studies
can be performed in animal models, an added challenge is in assessing the relevance of
findings to human health outcomes. Interrogating whether microbes from the human
microbiota interact with neuromodulatory drugs, and whether such interactions have
measurable consequences on drug efficacy and clinical outcomes, may serve a tractable
context. Overall, the future offers the exciting prospect of uncovering fundamental
principles for how microbes and microbial products are detected and interpreted by host
sensory systems, toward understanding the co-evolution of animals with their associated

microbiomes.

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

dietary products, neurotransmitters, uncharacterized biochemicals, and
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neuromodulatory drugs. A. Select bacteria from the gut microbiota produce short chain
fatty acids (SCFAs) and modify bile acids through dietary metabolism. Metabolites from
the microbiota can signal directly to mucosal afferent fibers of sensory neurons (left) or
can signal to neurons via intermediate interactions with enteroendocrine or epithelial cells
(right). B. Select bacteria from the gut microbiota can directly synthesize, consume or
sense neurotransmitters, such as serotonin (5-HT), dopamine (DA), gamma-aminobutyric
acid (GABA) and norepinephrine (NE) (center) or regulate host biosynthesis of
neurotransmitters, like serotonin (5-HT) (center left). Microbially modulated
neurotransmitters have the potential to interact with sensory neurons (left) or be circulated
humorally (right) to reach the blood-brain barrier. C. The physiological landscape for
microbial interactions with the nervous system is complex. Emerging evidence suggests
that microbial communities are spatially structured (bottom), which yields
“microbiogeographies” that vary in physiological function. In addition, the microbiome
regulates various metabolites in the host, many of which remain uncharacterized (center).
Further complexity is introduced when considering the heterogeneity of host cell types
within the intestine, spanning various types of epithelial, endocrine, immune, and
neuronal cells that are also spatially distributed and can vary temporally in their
localization via turnover and remodeling. Spatial maps of signaling receptors, especially
those available for mediating neural communication across intestinal cell types, will help
inform functional pathways for microbe-host interactions. D. The microbiome is
increasingly appreciated as an important modulator of xenobiotic metabolism, particularly
for neuromodulatory drugs, including antipsychotics, anticholinergics, antidepressants

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

disease.
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Abstract

The gut microbiome is emerging as a key regulator of brain function and behavior and is
associated with symptoms of several neurological disorders. There is emerging evidence
that alterations in the gut microbiota are seen in epilepsy and in response to seizure
interventions. In this review, we highlight recent studies reporting that individuals with
refractory epilepsy exhibit altered composition of the gut microbiota. We further discuss
antibiotic treatment and infection as microbiome-related factors that influence seizure
susceptibility in humans and animal models. In addition, we evaluate how the microbiome
may mediate effects of the ketogenic diet, probiotic treatment, and anti-epileptic drugs on
reducing both seizure frequency and severity. Finally, we assess the open questions in
interrogating roles for the microbiome in epilepsy and address the prospect that continued
research may uncover fundamental insights for understanding risk factors for epilepsy,

as well as novel approaches for treating refractory epilepsy.

Introduction

Epilepsy is a chronic neurological disorder affecting more than 50 million people
worldwide and accounting for 0.6% of the global economic disease burden (WHO, 2016).
It is defined as a brain pathology “characterized by an enduring predisposition to generate

seizures” (Fisher, 2014). An estimated 2.4 million patients are diagnosed with epilepsy
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every year. These diagnoses include various subtypes of seizures, such as focal,
generalized, combined generalized and focal, or unknown, which indicate their
localization to specific brain regions or generalization across both cerebral hemispheres

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

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

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

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

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

While the WHO estimates that 70% of epileptic patients could be seizure-free with
appropriate medication, in developing regions, less than half of the epileptic patient
population has access to anti-epileptic drugs. Additionally, an estimated 15 million
patients exhibit refractory epilepsy, based on their non-responsiveness to existing anti-
epileptic drugs. Both genetic and environmental factors contribute to individual
predisposition to epilepsy, but the exact causes of most epilepsy cases remain unclear. It
is estimated that 35% of epilepsy cases can be directly attributed to genetic risk, while
the remaining cases may involve both genetic risk and environmental exposures, such as
head trauma or infections that lead to meningitis or encephalitis (Shorvon, 2014). Exactly
how environmental factors contribute to long-term susceptibility to epilepsy remains
unclear. The gut microbiota, comprising trillions of microorganisms indigenous to the
gastrointestinal tract, is increasingly recognized as an important mediator of
environmental risk factors on host risk for disease. The composition and function of the
gut microbiota is shaped by environmental factors, such as diet, stress and medication,

and also informed by human genetics. The microbiota plays a critical role in guiding brain
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development and neurobehavior in animal models (Vuong et al., 2017). Of particular
relevance to epilepsy, the gut microbiota significantly alters carbohydrate and amino acid
metabolism, microglial and astrocytic function, vagal neuronal activity, and hippocampal
neurotransmitter levels (Fung, 2017 #395). In this review, we discuss current evidence
for microbiome alterations in epilepsy and potential roles for the microbiome in mediating

risk for epilepsy and the effects of seizure interventions.

Alterations of the Gut Microbiota in Human Epilepsy

Alterations in the gut microbiome have been reported across several
neurodevelopmental, neuropsychiatric and neurodegenerative disorders, but very little is
known regarding microbiome associations with human epilepsy. Only a few recent studies
have highlighted differences in fecal microbiota profiles from select epileptic individuals
as compared to healthy controls (Table 1) (Lindefeldt et al., 2019; Peng et al., 2018; Xie
et al., 2017). In a cohort of 42 individuals with refractory epilepsy, 49 with drug-sensitive
epilepsy, and 65 matched family members without epilepsy from West China Hospital of
Sichuan University, 16S rDNA sequencing revealed distinct fecal microbiota alterations
for refractory epileptic patients relative to both drug-sensitive epileptic patients and
controls without epilepsy. In particular, microbiota profiles from the refractory epilepsy
group exhibited elevated a-diversity, as measured by the Chao1 diversity index for
species richness, which was reportedly particular to refractory epileptic patients with 4 or
more seizures per year and not for those with less than 4 seizures per year (Peng et al.,
2018). While samples from refractory epileptic patients exhibited no overt group clustering

by weighted principal coordinate analysis, linear discriminant analysis (LDA) effect size
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analysis revealed increases in the relative abundances of select members of the phylum
Firmicutes, including Roseburia, Coprococcus, Ruminococcus, and Coprobacillus, and
decreases in Bacteroides relative to controls. Relative abundances of
Methanobrevibacter, Fusobacterium, Neisseria, and Akkermansia were also increased in
the refractory epilepsy group relative to the drug-sensitive epilepsy group. Notably, the
study design matched group representation by age (mean 25.1-29.4), sex, and exposure
to medication, and excluded individuals who had taken antibiotics or probiotics within the
past 3 months or who had a history of another chronic disease. Primary differences
between refractory and drug-sensitive groups were in seizure frequency and type
(generalized, partial, or multiple), which would be expected based on the inherent
biological features of the classifications.

In another human study, fecal microbiota were profiled by 16S rDNA sequencing
of stool samples collected from 14 infants with refractory epilepsy, ranging from 1-4 years
old, and 30 matched healthy infants from Shenzhen Children’s Hospital (Xie et al., 2017).
In this case, there was no significant difference in a-diversity between groups when
measured by the Shannon index for evenness. However, principal component analysis
showed clustering of 16S rDNA data from refractory epilepsy infants distinctly from
healthy infant controls, indicating substantial differences in fecal microbial beta-diversity.
Similar to results from the Peng et al. study, LEfSe analysis revealed elevated relative
abundance of Firmicutes and Proteobacteria, and reduced Bacteroidetes and
Actinobacteria, in infants with refractory epilepsy. At the genus level, Cronobacter was
highly enriched in epileptic infants and not detected in healthy infants, while relative levels

of Bacteroides, Prevotella and Bifidobacterium were decreased in infants with refractory
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epilepsy relative to controls. While the study required participants to not have taken
antibiotics 1 month prior to the study and excluded those with chronic iliness or metabolic
disease, baseline differences in infant diet which could confound the study in the absence
of matched household controls were not considered.

A third human study of 12 children with refractory epilepsy, aged 2-17 years, and
11 healthy parent controls from Astrid Lindgren Children’s Hospital of Karolinska Institute
examined fecal microbiomes by shotgun metagenomic sequencing (Lindefeldt et al.,
2019). Fecal microbiota samples of children with refractory epilepsy exhibited decreased
a-diversity, as measured by Shannon index, compared to microbiota samples from the
healthy control parents. Principal component analysis of taxonomic and functional profiles
revealed clear clustering of microbiomes from healthy control parents, whereas those
from children with refractory epilepsy exhibited larger variation and minor shifts along the
first principal component. In general, taxonomic analysis indicated that microbiota from
children with refractory epilepsy displayed decreased relative abundances of
Bacteroidetes and Proteobacteria and increased relative abundances of Firmicutes and
Actinobacteria, when compared to control parent samples. Particular differences in
functional potential were reported, with refractory epilepsy microbiomes harboring
decreased gene content for B-hydroxybutyryl-CoA dehydrogenase and crotonase, genes
involved in the acetyl-CoA pathway, as compared to parent control microbiomes. In light
of known age-dependent changes in the gut microbiome, a key caveat of these
comparisons is the lack of age-matched controls.

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

of individuals with refractory epilepsy relative to varied non-epileptic controls (Lindefeldt
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et al., 2019; Peng et al., 2018; Xie et al., 2017). While they each report increased
Firmicutes relative to Bacteroides in individuals with refractory epilepsy, the reported
microbial alterations varied highly across taxonomic levels more resolved than phylum.
In addition, the results were conflicting with regard to whether a-diversity is altered in the
epilepsy microbiota. These studies are difficult to cross-compare due to variations in study
design, age differences of subjects, relatively small samples sizes, as well as a lack of
data on genetic and environmental factors that could influence the structure and function
of the gut microbiome. Additionally, these studies differ by sequencing methodology and
analytical tools used to profile the gut microbiota, where shotgun metagenomics, as in the
Lindefeldt study, delivers both strain specificity and microbiome functional profiling, while
16S rDNA taxonomic profiling captures broader, less specific levels of diversity (Poretsky

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

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

diet.

Microbiome Associations with Epileptogenesis

The Gut Microbiota and Seizure Susceptibility in Animal Models

In addition to the existing human studies reporting a correlation between refractory
epilepsy and altered gut microbiota, a few animal studies highlight a causal role for the
microbiome in modulating seizure susceptibility. Animal models for studying epilepsy
include the use of chemoconvulsants such as kainic acid, electrical stimulation using the
6Hz seizure model, or seizure kindling which applies repeated stimulation to increase

seizure susceptibility. One in particular drew upon a wealth of literature reporting that
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physical and psychological stressors alter the gut microbiota (Vuong et al., 2017) to
further investigate whether stress-induced alterations in the gut microbiota impact the
development of seizures (Medel-Matus et al., 2018). Sprague-Dawley rats were subjected
to sham stress or chronic restraint stress for two 2-hour long sessions per day for 2 weeks,
and cecal contents from each group were then transplanted into naive recipient rats that
were pre-treated with antibiotics to first deplete the gut microbiome. As expected, rats
exposed to chronic restraint stress required fewer number of trials of basolateral
amygdalar stimulation in order to induce a full seizure response and longer seizure
duration, when compared to sham stress controls. This is consistent with prior studies
revealing that stress promotes epileptogenesis. Notably, transplantation of the
microbiome from a stressed rat into non-stressed recipient sufficiently conferred the
stress-related increases in susceptibility to kindling and duration of seizures. In contrast,
transplantation of the microbiome from a non-stressed rat into a stressed rat sufficiently
reduced seizure duration and increased the number of kindling trials toward levels seen
in the native sham controls. These results suggest that the microbiome mediates stress-
induced increases in seizure susceptibility in a rat kindling model. Limitations of the study
include the small sample size of 6 rats per group, the lack of companion sequencing data
to identify taxonomic and functional differences in the microbiome that underlie their pro-
versus anti-epileptic effects, and the lack of sequencing data of donor and recipient
microbiota to confirm high fidelity transplantation. Additionally, mechanisms underlying
the effects of transplantation on seizure susceptibility remain unclear; it is possible that

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

A separate study examined links between the microbiome and the formation of
cerebral cavernous malformations (CCMs), structural abnormalities in brain capillaries
that predispose to stroke and seizures (Tang et al., 2017). Initial observations in
endothelial specific Krit15¢<0 and Ccm2ECKO knockout mice, which are theoretically
susceptible to CCM formation, revealed that differences in the breeding vivarium and
unexpected infections modulated resistance vs. susceptibility to CCM formation. Follow-
up experiments demonstrated that intraperitoneal injection of the gram-negative
bacterium B. fragilis or lipopolysaccharide were each sufficient to drive CCM formation
through TLR4 signaling. These results suggest that infection with gram negative bacteria
(GNB) or systemic injection of GNB-associated antigens accelerates CCM formation.
Further supporting a role for the gut microbiome on CCM formation, Krit15°K° mice raised
as germ-free failed to form CCM lesions, whereas those raised conventionally colonized
developed CCMs by P10. Consistent with this, maternal antibiotic treatment yielded
offspring that were resistant to CCM formation, a phenotype that was transmitted
transgenerationally to mice in the absence of antibiotic treatment. In contrast,
conventionalization of the microbiome by cross-fostering to conventionally-colonized
mothers restored susceptibility to CCM formation. 16S rDNA sequencing of fecal
samples from CCM susceptible versus resistant Krit175¢K0 and Ccm2E5€K0 mice revealed
distinct group clustering of microbiota profiles by principal coordinates analysis.
Taxonomic analysis highlighted significantly increased relative abundance of

Bacteroidetes S24-7 in mice susceptible to CCM formation, as compared to resistant
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controls. Whether this particular taxon is sufficient to modulate CCM formation is unclear.
However, the several experiments performed in the study reveal a causal relationship
between the gut microbiota and formation of CCMs, a primary risk factor for seizures.
Altogether, mechanistic studies in animal models have begun to highlight how the gut

microbiota could modify seizure vulnerability.

Infection and Risk for Epilepsy

Several large epidemiological and case studies associate infections with increased
risk for epilepsy. A singleton cohort study of all children born in northern Denmark from
1998 to 2008 reported increased risk for epilepsy in children born from mothers that
experienced infection during pregnancy (Ahlers et al., 2019; Norgaard et al., 2012).
Similarly, in a nationwide population-based cohort study of all individuals born in Denmark
from 1982 to 2012, childhood infection with hospitalization was associated with a 78%
increase in risk for epilepsy (Ahlers et al., 2019). Consistent with this, infants infected with
Group B streptococcus, a leading cause of neonatal morbidity, are more likely to be
hospitalized and diagnosed with epilepsy or other neurological conditions during their
childhood years (Yeo et al., 2019). A study conducted by the Norwegian Institute of Public
Health reported an increase in febrile seizures characteristic of febrile infection-related
epilepsy syndrome (FIRES) following the 2009 influenza A (H1N1) pandemic (Bakken et
al., 2015). In addition, human herpesvirus (HHV)-6 infection has been associated with
mesial temporal sclerosis (MTS), a common pathological marker in mesial temporal lobe
epilepsy (MTLE), and the HHV6-B virus in particular is linked with childhood epilepsy
(Leibovitch and Jacobson, 2015; Vezzani et al., 2016). In a study of 75 MTLE patients,

52 patients displaying MTS and 23 non-MTS patients, MTS patients exhibited a greater
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number of seizures, increased HHV-6 viral DNA load and increased markers of
inflammation compared to non-MTS controls (Kawamura et al., 2015). Other studies have
also suggested that HHV-6 drives MTS/MTLE pathogenesis by inducing abnormal
immune or inflammatory responses (Bartolini et al., 2019; Wipfler et al., 2018). Additional
human studies of bacterial and parasitic infections also suggest links between infection
and seizure susceptibility. Taenia solium, a tapeworm with prevalence in the regions
around Burkina Faso causes neurocysticercosis in infected humans, which correlates
with the prevalence of epilepsy in low income countries (Sahlu et al., 2019; Vezzani et
al., 2016). Overall, the diversity of infections implicated in epilepsy has led to the notion
that generalized immune activation or inflammation promotes susceptibility to seizures
(Pardo et al., 2014; Tan, 2018).

Animal models of various infections support a causal role for inflammation in
promoting seizure vulnerability. As a model of limbic epilepsy, mice injected intracortically
with  Theiler's murine encephalomyelitis virus (TMEV) exhibited seizures and
neuroinflammation characterized by elevated pro-inflammatory cytokines including
interleukin (IL)-6 and tumor necrosis factor (TNF)a in the hippocampus, a focal region for
seizure initiation (Cusick et al., 2017; Patel et al., 2017). Notably, blocking TNF signaling
by TMEV injection into TNFa”- or TNFR17"TNFR2” mice sufficiently reduced seizures,
suggesting that TNF signaling is required for mediating the pro-epileptic effects of TMEV
infection. The study provided evidence that TNFa modulates glutamate receptor
trafficking via TNF receptor 1 to increase excitatory synaptic transmission, which could
underlie the elevated seizure incidence seen in response to TMEV. In a separate study,

Wistar rats injected systemically with the bacterial cell wall component lipopolysaccharide
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(Veitenhansl et al.) exhibited elevated levels of pro-inflammatory cytokines TNFa, IL-6,
and IL-18 in the brain and decreased thresholds for chemically- and electrically-induced
seizures by pentylenetetrazole (PTZ) and corneal shock, respectively (Sewal et al., 2017).
In addition, toxoplasma-infected mice displayed reduced PTZ-induced seizures as well,
which were partially abrogated by blocking the dopamine receptors D1 and D2 (Babaie
et al., 2017). Altogether, these animal studies corroborate human association studies by
revealing that a broad range of bacteria, viruses, and parasites can similarly promote
seizure propensity. Research further suggests that inflammatory responses associated
with cytokines and chemokines such as TNFa (Cusick et al., 2017; Patel et al., 2017;
Sewal et al., 2017) and MCP-1(Kawamura et al., 2015) could mediate the pro-epileptic

effects of infection.

Antibiotic Treatment and Seizure Susceptibility

Antibiotics are commonly prescribed for treating bacterial infections (Tamma et al.,
2017) but despite their widespread use, many can elicit adverse side effects, including
neurological symptoms (Mattappalil and Mergenhagen, 2014). A large epidemiological
study of the Danish registry reported that increased numbers of antibiotic prescriptions
for a single patient correlate with increased risk for epilepsy (Norgaard et al., 2012).
Another study reported increased seizure risk in hemodialysis patients that were
administered cephalosporin antibiotics (Zhang et al., 2019). A meta-analysis of all
randomized controlled human trials of carbapenem antibiotics reported a significant
increase in seizure risk associated with carbapenem usage (Cannon et al., 2014).
Imipenem and meropenem antibiotics were also highly correlated with epileptogenesis
(Leibovitch and Jacobson, 2015; Owens, 2008). While the majority of studies point to
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neurotoxic effects of antibiotics, such as (-lactams, unsubstituted penicillins,
carbapenems, and 4™ generation cephalosporins (Esposito et al., 2017; Sutter et al.,
2015), a few small cohort and case studies have explored antibiotics as potential
treatments for epilepsy (Braakman and van Ingen, 2018; Ghanizadeh and Berk, 2015;
Raposo et al., 2016; Zhu and Wang, 2018). One found that treatment with a combination
of penicillin derivative and macrolide antibiotics coincided with temporary seizure-free
periods in six epileptic individuals (Braakman and van Ingen, 2018). Another reported that
cefixime usage correlated with seizure-free bouts in a 9 year old boy with epilepsy and
comorbid autism (Ghanizadeh and Berk, 2015). A challenge to interpreting the existing
human data is the inability to distinguish potential off-target effects of antibiotics from their
indicated anti-bacterial effects.

Findings from laboratory models have studied potential pathways by which
antibiotics regulate seizure susceptibility. Particular B-lactam antibiotics are sufficient to
elicit focal seizures in mice when injected intracortically or intracerebroventricularly. For
example, penicillin-inducible seizure models have been used in multiple studies to
understand epileptogenesis (Arslan et al., 2017; Han et al., 2015; Marangoz et al., 2018;
Tubas et al., 2017; Zhu et al., 2018). The epileptogenic potential of penicillin, among other
antibiotics, has been attributed to the antagonism of gamma-aminobutyric acid (GABA) -
A receptors by the B-lactam ring (Veitenhansl et al.). Non-competitive inhibition in this
manner and voltage-dependent alterations are thought to reduce GABAergic inhibition
and thereby permit excitatory signaling to trigger epileptiform bursts. In addition to
inhibiting GABA-A receptors, quinolones can also bind to benzodiazepine receptors in the

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

43



effects on glutamatergic N-methyl-D-aspartate (NMDA) receptors, which further promote
seizure susceptibility. Carbapenems, which are most frequently associated with seizures,
have a higher potential to promote seizures due to their greater ability to cross the blood
brain barrier and to interfere with the action of antiepileptic drugs such as valproic acid.
In contrast to these direct effects of particular antibiotics on promoting neuronal
activity underling seizures, some drugs with antimicrobial properties are being pursued
for their anti-epileptic effects. Rapamycin, an mTOR inhibitor and antibiotic, reduced
mTOR activation, overexpression of P-glycoprotein, and seizure susceptibility in a rat
Coriaria lactone kindling model of temporal lobe epilepsy (Mazumder et al., 2016; Plovier
et al.,, 2017). Minocycline, an inhibitor of microglial activation and antibiotic, reduced
sympathetic nerve activity and increased seizure thresholds in rat kainic acid and
amygdalar kindling seizure models (Beheshti Nasr et al., 2013; Bhandare et al., 2017). In
addition, the antibiotic gentamicin increased latency to seizure and reduced total seizure
duration when injected intracerebroventricularly into rats treated with kainic acid (Zhao et
al., 2018). Overall, both human and animal studies have reported opposing effects of
different antibiotics on seizure susceptibility. The findings warrant increased attention to
whether the particular type, dose and route of antibiotic treatment may elicit disparate

influences on vulnerability to particular subtypes of seizures.

Microbiome Implications for Epilepsy Treatments
The Microbiome and Ketogenic Diet

The high-fat, low-carbohydrate ketogenic diet (KD) is used as a clinical treatment
for refractory epilepsy in individuals who do not respond to existing anti-epileptic drugs.

While the KD has been used for almost a century for reducing seizures, the exact
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mechanisms by which the diet ameliorates seizures remains unclear. A few recent studies
have investigated effects of the clinical KD on the composition of the gut microbiome in
epilepsy patients, drawing the attention to whether alterations in the gut microbiome may
contribute to the protective effects of the KD against seizures. In a study of 12 children
diagnosed with drug-resistant epilepsy, 5 out of 12 children displayed a > 50% decrease
in seizure reduction and 10 out of the 12 children exhibited improved cognition and motor
functions after 3 months on classical KD (Lindefeldt et al., 2019). When comparing the
gut microbiome samples collected before initiation of the KD to those taken after 3 months
on KD, there was no significant difference in a-diversity. However, -diversity analysis
revealed compositional differences characterized by decreases in relative abundances of
Actinobacteria and Bifidobacterium and an increase in Proteobacteria. Another study of
20 children with refractory epilepsy reported KD-associated reductions in epilepsy
symptoms that were correlated with reduced a-diversity of the microbiome, decreases in
Actinobacteria and Firmicutes relative to Bacteroidetes after 6 months of dietary treatment
(Zhang et al., 2018). A third study of 14 epileptic infants reported reductions in
Proteobacteria and elevations in Bacteroides, Prevotella, and Bifidobacterium after at
least 1 week on the KD (Xie et al., 2017). There was little consistency across these studies
in the particular microbial taxa that were affected, which could be due to variations in
study design, such as the length of KD treatment, the specific KD dietary regimen
implemented, and the subtypes of epilepsy and seizure semiologies represented by the
patient cohorts. One study examined 6 patients diagnosed particularly with glucose
transporter 1 deficiency syndrome (GLUT1 DS) (Tagliabue et al., 2017). 3 months of KD

treatment correlated with alterations in the gut microbiome that were characterized by a
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decrease in the relative abundance of Desulfovibrio. Overall, these studies warrant
continued efforts to examine the effects of the KD on the gut microbiome across a large
cohort of epileptic individuals. In particular, profiling microbial function rather than
taxonomy, and examining associations with particular dietary, seizure semiology, medical
history, and demographic data may yield greater insight across studies.

Additional studies in animal models of epilepsy similarly reveal functional roles for
the gut microbiome in mediating the anti-seizure effects of the diet. In a 6 Hz acute
electrically-induced seizure model of refractory epilepsy, depletion of the gut microbiome
by antibiotic treatment or germ-free rearing abrogated the protective effects of the KD
(Olson et al., 2018). Moreover, promoting the KD-associated microbiome in naive mice
fed a control diet sufficiently conferred seizure protection. 16S rDNA sequencing revealed
that the KD decreased a-diversity of the gut microbiome within 4 days of dietary treatment
and increased the relative abundance of Akkermansia muciniphila, Parabacteroides,
Sutterella, and Erysipelotrichaceae relative to controls. Selective enrichment of A.
muciniphila and Parabacteroides conferred protection against 6 Hz seizures. These
findings were further replicated in the Kcna?”- genetic mouse model for sudden
unexpected death in epilepsy (SUDEP), where depletion of the gut microbiome promoted
spontaneous tonic-clonic seizures whereas selective enrichment of KD-associated
bacterial taxa reduced seizure frequency and duration. Metabolomic data revealed
decreases in peripheral ketogenic gamma-glutamylated amino acid concentrations,
which correlated with higher hippocampal GABA/glutamate ratios in seizure protected
mice, suggesting a role for microbial regulation of peripheral metabolites and central

neurotransmitter metabolism in regulating seizure susceptibility. These findings align with

46



increasing interest in select microbes that regulate the biosynthesis of GABA within the
gut (Strandwitz, 2018; Yunes et al., 2016), and the use of other microbiota-related
metabolites to modulate seizure susceptibility. For example, ginsenoside compound K
was reported to decrease seizure intensity and latency in rats challenged with
pentylenetetrazole to induce seizures (Zeng et al., 2018), and GPR40, a receptor for free
fatty acids, has been shown to also regulate NMDA receptor function to reduced seizure
susceptibility (Yang et al., 2018). Additional studies are needed to examine mechanisms
by which microbes and microbiome-dependent metabolites influence brain activity and

behavior related to epilepsy.

Probiotic Treatment in Human Epilepsy

Although there have been only a few small studies to date that report alterations
in the gut microbiome in human epilepsy (Liang et al., 2017; Lindefeldt et al., 2019; Xie
et al.,, 2017), the links between epilepsy and infection, inflammation and antibiotic
treatment raise the question of whether microbial alterations under those conditions may
play a role. Two recent human studies examined the effects of probiotics on seizures. In
an observational study of neonates infected with rotavirus at the Gyeongsang National
University Hospital (Yeom et al., 2019), 32 out of the 78 rotavirus positive neonates and
100 out of 150 rotavirus negative neonates were treated with Saccharomyces boulardii
or Lactobacillus casei as a probiotic within 24 hours of birth. The authors proposed that
S. boulardii reduces seizures through inhibition of rotavirus structural protein 4, a viral
enterotoxin which increases reactive oxygen species and white matter injurty, or through
suppressing the inflammatory response overall. The study reported that probiotic

administration within 24 hours of birth was associated with a 10-fold decreased risk for
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seizures (odds ratio of 0.09) while rotavirus infection remained a risk factor only in
neonates not given probiotics (odds ratio of 4.83). Seizure reduction was also reported in
a pilot open label study of 43 adults with drug-resistant epilepsy treated daily for 4 months
with a cocktail of Lactobacillus acidophilus, L. plantarum, L. casei, L. helveticus, L. brevis,
Bifidobacterium lactis, and Streptococcus salivarius (Gomez-Eguilaz et al., 2018). 13 out
of 43 (30%) of individuals reported >50% reduction in seizure frequency in the 4 months
post treatment; however, a major limitation is the small study size and lack of placebo
control. In addition to probiotic treatment, one recent case study from the Second
Affiliated Hospital of Nanjing Medical University performed fecal microbiota
transplantation (FMT) to treat Crohn’s disease (CD) in a 22-year-old individual with
refractory epilepsy (He et al., 2017). After 3 treatments, there was a decrease in the
patient’s CD index score from 361 (pre FMT) to 131 (20 months post-FMT). In addition,
the patient reportedly experienced no epileptic seizures during the 20 months after FMT
during which no antiseizure medications were taken. Consistent with this potential role
for select probiotics to modulate seizure susceptibility, two studies in rodent models
reported that probiotic treatment with L. rhamnosus alone or together with B. longum
modulated expression of select GABA receptor subunits in various brain regions (Bravo
et al., 2011; Liang et al., 2017). Overall, the promising results from the limited human and
animal studies performed to date suggest that additional studies are needed to examine
whether manipulation of the gut microbiome may serve as a tractable strategy for

reducing seizures.

Anti-Epileptic Drugs and The Gut Microbiota
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Non-antibiotic medications, including anti-epileptic drugs, can interact directly with
gut microbes that modify their metabolism and thereby impact drug efficacy and toxicity.
A recent study of 1197 medications reported that 27% of non-antibiotic drugs inhibited
the growth of at least one of 40 bacterial isolates (Maier et al., 2018). An additional study
reported that the anticonvulsant drug clonazepam is metabolized by intestinal microbes,
which can contribute to drug toxicity (Zimmermann et al., 2019). Other studies report mild
effects of anti-seizure treatments such as carbamazepine on select gut microbes (Gomes
et al., 2018; Vasiliadou et al., 2018; Watkins et al., 2017). Moreover, in a mouse study of
maternal treatment with the antiepileptic drug valproic acid (Veitenhansl et al.), offspring
of valproic acid (VPA)-treated mothers exhibited fecal microbiota with decreased
Firmicutes and increased Bacteroidetes when compared to vehicle-exposed control mice
(Sgritta et al., 2019). Additional animal studies similarly report that maternal exposure to
VPA alters offspring gut microbiota composition (de Theije et al., 2014; Lim et al., 2017;
Liu et al., 2018). Notably, VPA during pregnancy has known teratogenic effects, which
raises the question of whether select VPA-induced phenotypes occur via microbiome
alterations as opposed to other direct effects of VPA on host physiology. These studies
highlight the importance of considering drug-induced gut microbiota changes and direct
xenobiotic interactions with gut microbes. Large well-controlled population studies are
needed to determine whether there is a clear signature of microbiome alterations in
human epilepsy, and further, whether any anti-epileptic drugs may alter the microbiome

in a reproducible manner.

Conclusion
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The gut microbiota is increasingly recognized as an important factor in epilepsy.
Epilepsy is a highly heterogeneous disorder requiring understanding of interactions
between genetic and environment risk. The gut microbiota regulates immunity and
inflammation, metabolism, and peripheral and central neuronal signaling, pathways
independently linked to epileptogenesis. Continued studies are warranted to understand
the gut microbiota as a mediator of environmental variables, like diet, stress, and immune
challenge, on seizure outcomes. Despite human studies demonstrating that changes in
the composition of the microbiota correlate with epilepsy, there is as yet little consistency
in the exact microbial taxa implicated across studies. The microbiome studies in epileptic
patients to date are few, underpowered, and focus largely on bacterial taxa rather than
function. Future studies that evaluate functional metagenomic profiles of the microbiome
in large cohorts of epileptic individuals and age-matched controls, with careful
consideration of seizure semiologies, demographic, medical and dietary information,
could reveal whether there are consistent functional microbial signatures for subtypes of
epilepsy. Such studies have the potential to uncover whether the gut microbiome can
serve as a novel biomarker of subtypes of epilepsy. Absent of consistent microbiome
implications with epilepsy pathogenesis, the gut microbiome could influence efficacy of
seizure treatments, such as the ketogenic diet and anti-epileptic drugs. Further study of
how the microbiome is impacted by seizure interventions could identify microbial markers
for treatment responsiveness or form the foundation for novel microbiome-based
treatments for epilepsy. Finally, detailed studies in animal models, for how microbes
impact brain metabolism, neuroimmunity and neuronal activity promise to uncover

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

uncover mechanistic underpinnings of epilepsy pathogenesis, biomarkers for disease and

therapeutic responsivity, and novel approaches for treatment of refractory epilepsy.
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Table 1: Reported alterations in the gut microbiota in human epilepsy. KD=

ketogenic diet, GLUT1 DS= glucose transporter type 1 deficiency syndrome

51



Infection .

Inflammatory
Response

,,[Antibiotics' ‘ Stressors >
i_

P

Microbiome
gt ¢
o0 Cytokines
Metabomes l
Epllepsy

WMetabolites
25 Microbi
- ICrobiome
e J\“
Antl eplleptlc let \.\ < Probioticg
drugs )

Figure 2: Potential roles for the gut microbiome in mediating risk factors (red) and

interventions (blue) for epilepsy. Factors associated with increased susceptibility to
seizures, including antibiotics, infection, and psychological and physical stressors, also
perturb the gut microbiota. Antibiotics can promote seizures directly through modulation
of neuronal activity, or indirectly through modification of the microbiome. Pro-
inflammatory cytokines and stress hormones that promote seizure risk can be induced by
microbial antigens and can modify the gut microbiome. Particular gut microbes may alter

the metabolism of antiepileptic drugs or be directly inhibited by antiepileptic drugs. The
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ketogenic diet is used to treat refractory epilepsy and is associated with changes in both
the human and mouse gut microbiome. In two human studies, probiotic treatment was
associated with reduced seizure risk. Separate animal studies report that probiotics
modulate brain expression of gamma-aminobutyric acid (GABA) receptors, levels of

GABA relative to glutamate, and seizure susceptibility.

Acknowledgments

G.R.L. and C.A.O. are funded by the Mallinckrodt Foundation. E.Y.H. is a New York Stem
Cell Foundation—Robertson Investigator, supported by a Packard Fellowship in Science
and Engineering, Chan Zuckerberg Initiative Ben Barres Career Acceleration Award and
Department of Defense Army Research Office Multidisciplinary University Research

Initiative Award.

References

Ahlers, F.S., Benros, M.E., Dreier, J.W., and Christensen, J. (2019). Infections and risk
of epilepsy in children and young adults: A nationwide study. Epilepsia 60, 275-283.
Arslan, G., Alici, S.K., Ayyildiz, M., and Agar, E. (2017). Interaction between urethane and
cannabinoid CB1 receptor agonist and antagonist in penicillin-induced epileptiform
activity. Acta Neurobiol Exp (Wars) 77, 128-136.

Babaie, J., Sayyah, M., Fard-Esfahani, P., Golkar, M., and Gharagozli, K. (2017).
Contribution of dopamine neurotransmission in proconvulsant effect of Toxoplasma

gondii infection in male mice. J Neurosci Res 95, 1894-1905.

53



Bakken, |.J., Aaberg, K.M., Ghaderi, S., Gunnes, N., Trogstad, L., Magnus, P., and
Haberg, S.E. (2015). Febrile seizures after 2009 influenza A (H1N1) vaccination and
infection: a nationwide registry-based study. BMC Infect Dis 15, 506.

Bartolini, L., Libbey, J.E., Ravizza, T., Fujinami, R.S., Jacobson, S., and Gaillard, W.D.
(2019). Viral Triggers and Inflammatory Mechanisms in Pediatric Epilepsy. Mol Neurobiol
56, 1897-1907.

Beheshti Nasr, S.M., Moghimi, A., Mohammad-Zadeh, M., Shamsizadeh, A., and
Noorbakhsh, S.M. (2013). The effect of minocycline on seizures induced by amygdala
kindling in rats. Seizure 22, 670-674.

Bhandare, A.M., Kapoor, K., Powell, K.L., Braine, E., Casillas-Espinosa, P., O'Brien, T.J.,
Farnham, M.M.J., and Pilowsky, P.M. (2017). Inhibition of microglial activation with
minocycline at the intrathecal level attenuates sympathoexcitatory and
proarrhythmogenic changes in rats with chronic temporal lobe epilepsy. Neuroscience
350, 23-38.

Braakman, H.M.H., and van Ingen, J. (2018). Can epilepsy be treated by antibiotics? J
Neurol 265, 1934-1936.

Bravo, J.A., Forsythe, P., Chew, M.V., Escaravage, E., Savignac, H.M., Dinan, T.G,,
Bienenstock, J., and Cryan, J.F. (2011). Ingestion of Lactobacillus strain regulates
emotional behavior and central GABA receptor expression in a mouse via the vagus
nerve. Proceedings of the National Academy of Sciences of the United States of America

108, 16050-16055.

54



Cannon, J.P., Lee, T.A., Clark, N.M., Setlak, P., and Grim, S.A. (2014). The risk of
seizures among the carbapenems: a meta-analysis. J Antimicrob Chemother 69, 2043-
2055.

Cusick, M.F., Libbey, J.E., Doty, D.J., DePaula-Silva, A.B., and Fujinami, R.S. (2017).
The role of peripheral interleukin-6 in the development of acute seizures following virus
encephalitis. J Neurovirol 23, 696-703.

de Theije, C.G., Wopereis, H., Ramadan, M., van Eijndthoven, T., Lambert, J., Knol, J.,
Garssen, J., Kraneveld, A.D., and Oozeer, R. (2014). Altered gut microbiota and activity
in a murine model of autism spectrum disorders. Brain, behavior, and immunity 37, 197-
206.

Esposito, S., Canevini, M.P., and Principi, N. (2017). Complications associated with
antibiotic administration: neurological adverse events and interference with antiepileptic
drugs. Int J Antimicrob Agents 50, 1-8.

Ghanizadeh, A., and Berk, M. (2015). Beta-lactam antibiotics as a possible novel therapy
for managing epilepsy and autism, a case report and review of literature. Iran J Child
Neurol 9, 99-102.

Gomes, |.B., Simoes, L.C., and Simoes, M. (2018). The effects of emerging
environmental contaminants on Stenotrophomonas maltophilia isolated from drinking
water in planktonic and sessile states. Sci Total Environ 643, 1348-1356.
Gomez-Eguilaz, M., Ramon-Trapero, J.L., Perez-Martinez, L., and Blanco, J.R. (2018).
The beneficial effect of probiotics as a supplementary treatment in drug-resistant

epilepsy: a pilot study. Benef Microbes 9, 875-881.

55



Han, Y., Ma, F., Li, H., Wang, Y., and Xu, K. (2015). Optogenetic control of thalamus as
a tool for interrupting penicillin induced seizures. Conf Proc IEEE Eng Med Biol Soc 20175,
6606-6609.

He, Z., Cui, B.T., Zhang, T., Li, P., Long, C.Y., Ji, G.Z., and Zhang, F.M. (2017). Fecal
microbiota transplantation cured epilepsy in a case with Crohn's disease: The first report.
World J Gastroenterol 23, 3565-3568.

Kawamura, Y., Nakayama, A., Kato, T., Miura, H., Ishihara, N., lhira, M., Takahashi, Y.,
Matsuda, K., and Yoshikawa, T. (2015). Pathogenic Role of Human Herpesvirus 6B
Infection in Mesial Temporal Lobe Epilepsy. J Infect Dis 272, 1014-1021.

Leibovitch, E.C., and Jacobson, S. (2015). Human Herpesvirus 6 as a Viral Trigger in
Mesial Temporal Lobe Epilepsy. J Infect Dis 272, 1011-1013.

Liang, L., Zhou, H., Zhang, S., Yuan, J., and Wu, H. (2017). Effects of gut microbiota
disturbance induced in early life on the expression of extrasynaptic GABA-A receptor
alpha5 and delta subunits in the hippocampus of adult rats. Brain Res Bull 135, 113-119.
Lim, J.S., Lim, M.Y., Choi, Y., and Ko, G. (2017). Modeling environmental risk factors of
autism in mice induces IBD-related gut microbial dysbiosis and hyperserotonemia. Mol
Brain 10, 14.

Lindefeldt, M., Eng, A., Darban, H., Bjerkner, A., Zetterstrom, C.K., Allander, T.,
Andersson, B., Borenstein, E., Dahlin, M., and Prast-Nielsen, S. (2019). The ketogenic
diet influences taxonomic and functional composition of the gut microbiota in children with

severe epilepsy. NPJ Biofilms Microbiomes 5, 5.

56



Liu, F., Horton-Sparks, K., Hull, V., Li, RW., and Martinez-Cerdeno, V. (2018). The
valproic acid rat model of autism presents with gut bacterial dysbiosis similar to that in
human autism. Mol Autism 9, 61.

Maier, L., Pruteanu, M., Kuhn, M., Zeller, G., Telzerow, A., Anderson, E.E., Brochado,
A.R., Fernandez, K.C., Dose, H., Mori, H., et al. (2018). Extensive impact of non-antibiotic
drugs on human gut bacteria. Nature 555, 623-628.

Marangoz, A.H., Kocacan, S.E., Him, A., Kuruoglu, E., Cokluk, C., and Marangoz, C.
(2018). Proconvulsant Effect of Papaverine on Penicillin-Induced Epileptiform Activity in
Rats. Turk Neurosurg 28, 479-482.

Mattappalil, A., and Mergenhagen, K.A. (2014). Neurotoxicity with antimicrobials in the
elderly: a review. Clin Ther 36, 1489-1511 e1484.

Mazumder, A.G., Padwad, Y.S., and Singh, D. (2016). Anticancer Mammalian Target of
Rapamycin (mTOR) Signaling Pathway Inhibitors: Current Status, Challenges and Future
Prospects in Management of Epilepsy. CNS Neurol Disord Drug Targets 15, 945-955.
Medel-Matus, J.S., Shin, D., Dorfman, E., Sankar, R., and Mazarati, A. (2018). Facilitation
of kindling epileptogenesis by chronic stress may be mediated by intestinal microbiome.
Epilepsia Open 3, 290-294.

Norgaard, M., Ehrenstein, V., Nielsen, R.B., Bakketeig, L.S., and Sorensen, H.T. (2012).
Maternal use of antibiotics, hospitalisation for infection during pregnancy, and risk of
childhood epilepsy: a population-based cohort study. PLoS One 7, e30850.

Owens, R.C., Jr. (2008). An overview of harms associated with beta-lactam

antimicrobials: where do the carbapenems fit in? Crit Care 12 Suppl 4, S3.

57



Pardo, C.A., Nabbout, R., and Galanopoulou, A.S. (2014). Mechanisms of
epileptogenesis in pediatric epileptic syndromes: Rasmussen encephalitis, infantile
spasms, and febrile infection-related epilepsy syndrome (FIRES). Neurotherapeutics 717,
297-310.

Patel, D.C., Wallis, G., Dahle, E.J., McElroy, P.B., Thomson, K.E., Tesi, R.J,,
Szymkowski, D.E., West, P.J., Smeal, R.M., Patel, M., et al. (2017). Hippocampal
TNFalpha Signaling Contributes to Seizure Generation in an Infection-Induced Mouse
Model of Limbic Epilepsy. eNeuro 4.

Peng, A, Qiu, X,, Lai, W., Li, W., Zhang, L., Zhu, X., He, S., Duan, J., and Chen, L. (2018).
Altered composition of the gut microbiome in patients with drug-resistant epilepsy.
Epilepsy research 147, 102-107.

Plovier, H., Everard, A., Druart, C., Depommier, C., Van Hul, M., Geurts, L., Chilloux, J.,
Ottman, N., Duparc, T., Lichtenstein, L., et al. (2017). A purified membrane protein from
Akkermansia muciniphila or the pasteurized bacterium improves metabolism in obese
and diabetic mice. Nat Med 23, 107-113.

Raposo, J., Teotonio, R., Bento, C., and Sales, F. (2016). Amoxicillin, a potential
epileptogenic drug. Epileptic Disord 18, 454-457.

Sahlu, I., Carabin, H., Ganaba, R., Preux, P.M., Cisse, A.K., Tarnagda, Z., Gabriel, S.,
Dermauw, V., Dorny, P., Bauer, C., et al. (2019). Estimating the association between
being seropositive for cysticercosis and the prevalence of epilepsy and severe chronic
headaches in 60 villages of rural Burkina Faso. PLoS Negl Trop Dis 13, e0007101.
Sewal, R.K., Modi, M., Saikia, U.N., Chakrabarti, A., and Medhi, B. (2017). Increase in

seizure susceptibility in sepsis like condition explained by spiking cytokines and altered

58



adhesion molecules level with impaired blood brain barrier integrity in experimental model
of rats treated with lipopolysaccharides. Epilepsy Res 135, 176-186.

Sgritta, M., Dooling, S.W., Buffington, S.A., Momin, E.N., Francis, M.B., Britton, R.A., and
Costa-Mattioli, M. (2019). Mechanisms Underlying Microbial-Mediated Changes in Social
Behavior in Mouse Models of Autism Spectrum Disorder. Neuron 7107, 246-259 e246.
Shorvon, S. (2014). The concept of symptomatic epilepsy and the complexities of
assigning cause in epilepsy. Epilepsy & Behavior 32, 1-8.

Strandwitz, P. (2018). Neurotransmitter modulation by the gut microbiota. Brain Res
1693, 128-133.

Sutter, R., Ruegg, S., and Tschudin-Sutter, S. (2015). Seizures as adverse events of
antibiotic drugs: A systematic review. Neurology 85, 1332-1341.

Tagliabue, A., Ferraris, C., Uggeri, F., Trentani, C., Bertoli, S., de Giorgis, V., Veggiotti,
P., and Elli, M. (2017). Short-term impact of a classical ketogenic diet on gut microbiota
in GLUT1 Deficiency Syndrome: A 3-month prospective observational study. Clin Nutr
ESPEN 17, 33-37.

Tamma, P.D., Avdic, E., Li, D.X., Dzintars, K., and Cosgrove, S.E. (2017). Association of
Adverse Events With Antibiotic Use in Hospitalized Patients. JAMA Intern Med 777, 1308-
1315.

Tan, A.P. (2018). Febrile Infection-Related Epilepsy Syndrome (FIRES) with Multifocal
Subcortical Infarcts, A New Imaging Phenotype. Neuropediatrics 49, 347-352.

Tang, A.T., Choi, J.P., Kotzin, J.J., Yang, Y., Hong, C.C., Hobson, N., Girard, R.,
Zeineddine, H.A., Lightle, R., Moore, T., et al. (2017). Endothelial TLR4 and the

microbiome drive cerebral cavernous malformations. Nature 545, 305-310.

59



Tubas, F., Per, S., Tasdemir, A., Bayram, A.K., Yildirim, M., Uzun, A., Saraymen, R,
Gumus, H., Elmali, F., and Per, H. (2017). Effects of Cornus mas L. and Morus rubra L.
extracts on penicillin-induced epileptiform activity: an electrophysiological and
biochemical study. Acta Neurobiol Exp (Wars) 77, 45-56.

Vasiliadou, |.A., Molina, R., Martinez, F., Melero, J.A., Stathopoulou, P.M., and Tsiamis,
G. (2018). Toxicity assessment of pharmaceutical compounds on mixed culture from
activated sludge using respirometric technique: The role of microbial community
structure. Sci Total Environ 630, 809-819.

Veitenhansl, M., Stegner, K., Hierl, F.X., Dieterle, C., Feldmeier, H., Gutt, B., Landgraf,
R., Garrow, A.P., Vileikyte, L., Findlow, A., et al. (2004). 40th EASD Annual Meeting of
the European Association for the Study of Diabetes : Munich, Germany, 5-9 September
2004. Diabetologia 47, A1-a464.

Vezzani, A., Fujinami, R.S., White, H.S., Preux, P.M., Blumcke, |., Sander, J.W., and
Loscher, W. (2016). Infections, inflammation and epilepsy. Acta Neuropathol 7317, 211-
234.

Vuong, H.E., Yano, J.M., Fung, T.C., and Hsiao, E.Y. (2017). The Microbiome and Host
Behavior. Annu Rev Neurosci 40, 21-49.

Watkins, C., Murphy, K., Yen, S., Carafa, |., Dempsey, E.M., O'Shea, C.A., Vercoe, E.A.,
Ross, R.P., Stanton, C., and Ryan, C.A. (2017). Effects of therapeutic hypothermia on
the gut microbiota and metabolome of infants suffering hypoxic-ischemic encephalopathy

at birth. Int J Biochem Cell Biol 93, 110-118.

60



Wipfler, P., Dunn, N., Beiki, O., Trinka, E., and Fogdell-Hahn, A. (2018). The Viral
Hypothesis of Mesial Temporal Lobe Epilepsy - Is Human Herpes Virus-6 the Missing
Link? A systematic review and meta-analysis. Seizure 54, 33-40.

Xie, G., Zhou, Q., Qiu, C.Z., Dai, W.K., Wang, H.P., Li, Y.H., Liao, J.X., Lu, X.G., Lin,
S.F., Ye, J.H, et al. (2017). Ketogenic diet poses a significant effect on imbalanced gut
microbiota in infants with refractory epilepsy. World J Gastroenterol 23, 6164-6171.
Yang, Y., Tian, X, Xu, D., Zheng, F., Lu, X., Zhang, Y., Ma, Y., Li, Y., Xu, X., Zhu, B., et
al. (2018). GPR40 modulates epileptic seizure and NMDA receptor function. Sci Adv 4,
eaau2357.

Yeo, K.T., Lahra, M., Bajuk, B., Hilder, L., Abdel-Latif, M.E., Wright, .M., and Oei, J.L.
(2019). Long-term outcomes after group B streptococcus infection: a cohort study. Arch
Dis Child 104, 172-178.

Yeom, J.S., Park, J.S., Kim, Y.S., Kim, R.B., Choi, D.S., Chung, J.Y., Han, T.H., Seo,
J.H., Park, E.S., Lim, J.Y., et al. (2019). Neonatal seizures and white matter injury: Role
of rotavirus infection and probiotics. Brain Dev 47, 19-28.

Yunes, R.A., Poluektova, E.U., Dyachkova, M.S., Klimina, K.M., Kovtun, A.S., Averina,
0.V., Orlova, V.S., and Danilenko, V.N. (2016). GABA production and structure of
gadB/gadC genes in Lactobacillus and Bifidobacterium strains from human microbiota.
Anaerobe 42, 197-204.

Zeng, X., Hu, K., Chen, L., Zhou, L., Luo, W,, Li, C., Zong, W., Chen, S., Gao, Q., Zeng,
G., etal. (2018). The Effects of Ginsenoside Compound K Against Epilepsy by Enhancing

the gamma-Aminobutyric Acid Signaling Pathway. Front Pharmacol 9, 1020.

61



Zhang, P., Lu, K., and Xia, H. (2019). Multiple Factors Including Infections and Antibiotics
Affecting New-Onset Epilepsy in Hemodialysis Patients. Ther Apher Dial.

Zhang, Y., Zhou, S., Zhou, Y., Yu, L., Zhang, L., and Wang, Y. (2018). Altered gut
microbiome composition in children with refractory epilepsy after ketogenic diet. Epilepsy
research 745, 163-168.

Zhao, Y., Wang, Z., Lao, W., Kuang, P., Jiang, N., Yin, T., Lin, W., Zhu, H., and Ji, Y.
(2018). Anticonvulsant effect of gentamicin on the seizures induced by kainic acid. Neurol
Res 40, 45-52.

Zhu, L., and Wang, H. (2018). Commentary on "Beta-Lactam Antibiotics as A Possible
Novel Therapy for Managing Epilepsy and Autism. Iran J Child Neurol 72, 139-140.

Zhu, X., Chen, Y., Du, Y., Wan, Q., Xu, Y., and Wu, J. (2018). Astragaloside IV attenuates
penicillin-induced epilepsy via inhibiting activation of the MAPK signaling pathway. Mol
Med Rep 17, 643-647.

Zimmermann, M., Zimmermann-Kogadeeva, M., Wegmann, R., and Goodman, A.L.
(2019). Separating host and microbiome contributions to drug pharmacokinetics and

toxicity. Science 363.

62



Chapter 3

Bacterial modulation of neurotransmitters for microbiota-nervous
system interactions

Christine A. Olson, David J. Nusbaum, Elaine Y. Hsiao

Unpublished

63



Abstract

Neurotransmitters are widely distributed throughout all domains of life, with diverse
functions that precede their use for neurotransmission in vertebrates. Increasing evidence
for co-evolution and co-speciation of vertebrate hosts with their microbiomes suggests
that neurotransmitters enable both intra- and interkingdom signaling. Particular bacteria
have the capacity to synthesize and respond to neurochemicals, which affect growth,
quorum sensing, motility, and virulence. The gut microbiota regulates both the enteric and
central nervous systems, likely through pathways involving modulation of
neurotransmitters, among other neuroactive molecules, in the intestine, blood and brain.
Herein we review bacterial synthesis and utilization of neurotransmitters, focusing on
serotonin (5-HT), y-aminobutyric acid (GABA), dopamine (DA), norepinephrine (NE), and
epinephrine. We discuss roles for the gut microbiota in modulating host metabolism of
neurotransmitters in the gastrointestinal tract and brain. We further assess evidence
suggesting that microbial modulation of host neurochemicals may be relevant to
neurological disorders—anxiety and depression, Parkinson’s disease, and autism
spectrum disorder in particular. Finally, we examine the notion that microbial modulation

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

Introduction
Neurotransmitters are chemical messengers that enable signal transmission between a
neuron and another cell. The majority of neurotransmitters are amino acids and amino

acid derivatives- trace amines and monoamines-though some gases, peptides and other
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molecules mediate neurotransmission as well. Given that many neurotransmitters are
produced from simple dietary and metabolic precursors, it is perhaps not surprising that
the synthesis and metabolism of neurotransmitters has been reported across several
bacterial taxa. Serotonin (5-HT), y-aminobutyric acid (GABA), dopamine (DA),
norepinephrine (NE) and epinephrine, among other transmitters, have been detected in
cultures of many pathogenic and mutualistic bacteria. Particular species respond to
neurotransmitters as growth substrates, quorum sensing molecules, and virulence
factors. That both neurons and particular bacteria can synthesize and utilize
neurotransmitters raises the fascinating question of whether neurotransmitters serve as
interkingdom signaling molecules, enabling communication between bacterial members

of the indigenous microbiota and the host nervous system.

The gut microbiota fundamentally impacts the development and function of both the
enteric and central nervous systems’. The enteric nervous system (ENS) is comprised of
a vast network of plexuses- myenteric and submucosal- that contain an estimated 100
million neurons in humans, equally abundant to those forming the spinal cord?. As such,
a wide array of neurotransmitters are produced within the gastrointestinal (Gl) tract® that
modulate functions such as sensation, motility, secretion, and circulation. Bacterial
regulation of metabolic signals, including neurotransmitters, from the intestinal epithelium,
mucosal immune system, and enteric neurons themselves, could contribute to alterations

in the ENS.
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Still unclear are the molecular mechanisms underlying how the gut microbiota modulates
the central nervous system (CNS). Numerous animal studies reveal effects of the
microbiota on brain neurophysiology, including neuronal morphology, myelination, and
synaptic transmission, in addition to several complex behaviors, such as social
interaction, communication, and anxiety. Bacterial modulation of neuroactive molecules,
including neurotransmitters, is hypothesized to mediate communication across the
microbiota-gut-brain axis (Figure 3). Several neurochemicals produced in the intestine
enter circulation to other body systems through the intestinal, mesenteric and
gastroepiploic conduits that converge at the portal vein. Some may be able to cross the
blood brain barrier (BBB) to access the brain itself, though the extent to which microbially-
modulated metabolites enter the brain has not yet been thoroughly delineated. In addition,
vagal efferent fibers signal from the CNS to the periphery via the nucleus of the solitary
tract (NTS) in the brainstem, while vagal afferent fibers, which are approximately 9 times
more abundant than efferent fibers, transmit sensation from the viscera to the NTS and
its projection sites*. While activation of vagal afferents by intestinal neurotransmitters,
such as glutamate, 5-HT and GLP-1, has long been recognized to mediate appetite,
satiety and nausea, whether this pathway is modulated by the gut microbiota to modify
brain function and behavior remains poorly understood. Potential effects of the microbiota
on vagal activity, neuroendocrine signaling and neuroimmunity are thought to underlie the
ability of the microbiota to modify a variety of host phenotypes, including complex
behavioral and neurophysiological symptoms of disease. Microbial modulation of
neurotransmitters is relevant to each of these pathways for communication between the

microbiota and nervous system. In the following sections, we discuss roles for bacteria in

66



the synthesis and/or modulation of host-derived neurotransmitters-- 5-HT, GABA, DA,
NE, and epinephrine. We further highlight how microbial changes in neurotransmitter

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

Serotonin (5-HT)

Bacterial Synthesis of 5-HT

In addition to its important roles in the CNS, 5-HT is a key neurotransmitter and hormone
in the Gl tract and across peripheral organ systems. In mammals, over 90% of 5-HT is
found in the gut, where it is synthesized by enterochromaffin (EC) cells and serotonergic
neurons of the enteric nervous system (ENS) to stimulate intestinal motility, secretion and
absorption®. 5-HT also modulates sensory transmission to the CNS, activating vagal
afferents in the stomach and superior duodenum to regulate gastric emptying, satiety,
nausea, and discomfort®. Although much of the 5-HT in the Gl tract is thought to be host-
derived, several microbes are capable of producing 5-HT de novo, raising the possibility
that Gl 5-HT levels may be affected by contributions from both host cells and gut
microbes. The first report of bacterial 5-HT found detectable levels of 5-HT in cultures of
many taxa from the helminth Ascaris suum intestine’ (Table 1). 5-HT was also found in
cultures of Bacillus cereus®. Moreover, Morganella morganii, Klebsiella pneumoniae, and
Hafnia alvei produced 5-HT when grown in a histidine-supplemented medium®, and
Lactobacillus plantarum, L. lactis, and S. thermophilus produced 5-HT when grown in
broth supplemented with arginine'®. These results suggest that several groups of bacteria

harbor enzymes capable of synthesizing 5-HT from amino acid precursors.
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Despite detection of 5-HT from live cultures of bacteria, little is known regarding bacterial
mechanisms for 5-HT synthesis. One study identified a tryptophan hydroxylase (Tph) in
C. violaceum", which was hypothesized to catalyze the synthesis of the microbe’s
characteristic pigment, violacein. 5-HT has been detected in Chromobacterium cultures’,
but it is unclear whether this bacterium synthesizes 5-HT using endogenous Tph or via
an alternative pathway. Nevertheless, the existence of a Tph enzyme in C. violaceum
supports the notion that some species harbor orthologous hydroxylases for 5-HT
synthesis. Similarly, E. coli is reported to synthesize 5-HT, but para-chlorophenylalanine
(PCPA), an inhibitor of Tph1, the rate-limiting enzyme for 5-HT biosynthesis in animals,
had no effect on the growth of E. coli, suggesting that some bacteria may utilize Tph-

independent processes for 5-HT biosynthesis’?.

Plants synthesize 5-HT via an alternative pathway involving the decarboxylation of
tryptophan to tryptamine, followed by hydroxylation of tryptamine to 5-HT'. In recent
work, Clostridium sporogenes and Ruminococcus gnavus synthesized tryptamine using
tryptophan decarboxylases, providing evidence that microbial genomes encode enzymes
capable of synthesizing bioactive tryptophan derivatives that function as eukaryotic
neurotransmitters’. Although this activity is rare among bacteria, analysis of
metagenomic DNA from human stool samples revealed that at least 10% of the human
population harbors gut bacteria that encode a tryptophan decarboxylase. It is possible
that this pathway is used by some bacteria for 5-HT production, but whether the gut

microbiome encodes this function is unclear.
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Melatonin, a tryptophan-derived hormone involved in the maintenance of circadian
rhythms, has also been detected in bacteria’ '6. Arylalkylamine N-acetyltransferases
catalyze the conversion of 5-HT to melatonin in vertebrates, and these enzymes have
been found in Gram-positive bacteria'’. Interestingly, some gut bacteria were responsive
to melatonin and expressed circadian rhythmicity with respect to swarming and motility,
indicating that tryptophan derivatives may be utilized by the host to regulate the gut
microbiota’®. Together, these studies suggest that the ability to synthesize 5-HT and 5-
HT derivatives is widely distributed among bacteria, although additional work is required

to elucidate various mechanisms for 5-HT production.

Despite high levels of 5-HT in the Gl tract and reported synthesis of 5-HT by particular
gut microbes, how 5-HT influences bacterial physiology remains poorly understood. 5-HT
stimulated growth of S. faecalis'®, E. coli and Rhodospirillum rubrum® 20 21 at
concentrations between 2 x 107 and 2 x 10° M. In addition, 5-HT promoted cell
aggregation in E. coli and Polyangium spp.® '?, suggesting a role for 5-HT as a bacterial
signaling molecule. A recent study revealed a role for 5-HT as a quorum sensing
molecule, promoting biofilm formation and virulence of P. aeruginosa??. Additional studies

are needed to examine effects of 5-HT on bacterial growth, metabolism, and function.

Although there is evidence for bacterial biosynthesis of 5-HT in culture, it is possible that
microbiota-derived 5-HT contributes little to overall gut 5-HT levels in vivo. Luminal levels

of 5-HT are substantially lower than tissue-derived concentrations, suggesting a minor
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contribution of microbiome-derived 5-HT to total 5-HT content in the gut. In addition, Tph1
knockout mice, which lack the host enzyme required for peripheral 5-HT synthesis, exhibit
significant deficiencies in blood and intestinal 5-HT levels?32%. Findings across three
independent studies suggest that ~7% of blood 5-HT and ~3% of intestinal 5-HT may be
accounted for by non-host cells, including the microbiome, and any host cells that utilize
enzyme isoforms other than Tph1 for 5-HT synthesis, such as Tph2+ neurons. Whether
the microbiota itself is altered in Tph1 knockout animals is unclear, though any changes
in microbiota composition may misrepresent the amount of 5-HT that is contributed by a
conventional microbiota. Future research is needed to distinguish between 5-HT derived
from microbial synthesis, microbe-dependent host synthesis and microbe-independent

host synthesis.

Bacterial Modulation of Host 5-HT

The gut microbiota plays an important role in modulating host metabolism of 5-HT. Mice
that are raised in the absence of microbial colonization (germ free, GF) display substantial
decreases in blood, fecal, and colonic 5-HT levels relative to conventionally-colonized
(specific pathogen free, SPF) controls?6. Select spore-forming bacteria (Sp) from the gut
microbiota stimulated Tph1-mediated 5-HT production by colonic ECs. Colonization of
GF mice with Sp elevated serum and colon 5-HT to levels seen in SPF controls, reducing
colonic transit time and promoting platelet activation and aggregation in a 5-HT-
dependent manner. In addition to affecting 5-HT biosynthesis, there is some evidence
that microbes can alter host 5-HT bioavailability by regulating 5-HT uptake.

Enteropathogenic E. coli (EPEC) reduced 5-HT transporter (SERT) function in Caco-2
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cells, a human epithelial colorectal carcinoma cell line?’. Mice infected with EPEC
exhibited reduced SERT mRNA expression and decreased 5-HT cellular uptake in small
intestine apical membrane vesicles. These data suggest an important role for particular
subsets of bacteria in regulating levels of host colonic and blood 5-HT that are relevant

to normal Gl, ENS and platelet physiology.

While molecular mechanisms underlying how particular gut bacteria modulate host 5-HT
levels are unclear, paracrine metabolic signaling may be involved. Short-chain fatty acids
(SCFAs, specifically acetate and butyrate), which are products of bacterial fermentation
and enriched in response to 5-HT-inducing Sp bacteria, induced Tph1 expression in BON
cells, a human EC cell line?®. A separate study corroborated the relationship between
SCFAs and 5-HT in vivo, where rats treated with SCFAs exhibited increased colonic
transit time, an effect abolished by PCPA treatment?®. Other microbial metabolites,
including deoxycholic acid, tyramine and alpha-tocopherol, have also been implicated?®.
Studies are needed to identify signal transduction pathways by which various microbial

metabolites induce host 5-HT synthesis.

The gut microbiome also significantly impacts the host brain serotonergic system.
Compared to SPF controls, GF mice exhibited increased hippocampal 5-HT and
decreased 5HT1A receptor expression in the hippocampal dentate granule layer®®. These
differences were only significant for male GF mice?’, highlighting a role for sex differences
in microbiome-induced changes in host brain neurochemicals. GF mice also had a higher

degree of 5-HT turnover in the striatum, which possibly impacts anxiety-like behavior®2.
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One study supported this notion of microbiome-mediated changes in anxiety and 5-HT by
demonstrating that probiotic treatment with Lactobacillus helveticus NS8 corrected
deficits in hippocampal 5-HT in a chronic restraint model of anxiety33. In zebrafish,
treatment with L. rhamnosus IMC 501 increased expression of the tryptophan
hydroxylases Tph1a, Tph1b and Tph2 in the brain3. In rats, probiotic treatment with
Bifidobacterium infantis decreased 5-hydroxyindole acetic acid (5-HIAA), a 5-HT
breakdown product, in the frontal cortex®. While evidence suggests that 5-HT does not
readily cross the blood-brain barrier (BBB)%, its precursors tryptophan and 5-
hydroxytryptophan (5-HTP) can®’, raising the question of whether microbiome-mediated
changes in CNS 5-HT levels are mediated by microbial effects on peripheral 5-HT
precursors. Future studies are needed to determine the extent of interactions between
peripheral and brain levels of neurotransmitters, including 5-HT, and importantly, to
uncover mechanisms by which the gut microbiota impacts CNS 5-HT and downstream

functions.

y-aminobutyric Acid (GABA)

Bacterial Synthesis of GABA

GABA is the primary inhibitory neurotransmitter in the CNS. In addition to modulating
neuronal excitability3®, GABA affects the immune system, blood pressure, and stress
tolerance®’. In the Gl tract, GABA regulates intestinal secretion and peristalsis through
modulation of acetylcholine, another neurotransmitter, and non-adrenergic, non-
cholinergic (NANC) enteric neurons?®°. In addition, many immune cells, including dendritic

cells, macrophages, and T cells express GABA receptors and enzymes for GABA
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synthesis*® 41, suggesting an important role for intestinal GABA in immunomodulation.
Abnormalities in brain GABA metabolism are associated with mental health disorders
including depression, anxiety, and autism, raising the question of whether modulation of

GABA levels by the microbiota may impact host health and disease.

Microbial biosynthesis of GABA has been widely reported (Table 1). Bacteroides fragilis
and E. coli were capable of producing GABA in culture, suggesting that the microbiota
may contribute to GABA levels in the host*2. GABA production has also been observed
in Pseudomonas aeruginosa, P. fluorescens, Bifidobacterium, and Lactococcus strains*3-
46, Moreover, an HPLC-based screening method identified 9 high GABA-producing
strains of L. brevis*’. Interestingly, GABA synthesis is not limited to commensal microbes,

as at least eight common bacterial pathogens also produced this neurochemical®.

Several studies have explored GABA metabolism in bacteria. The glutamate
decarboxylase (GAD) system is important for promoting acid tolerance*®. GAD catalyzes
glutamate conversion to GABA by consuming protons, and a glutamate/GABA antiporter
couples glutamate influx to GABA efflux. Many bacteria metabolize GABA to succinate,
which can be utilized for energy production. GADs have been identified in a variety of
bacteria, including E. coli, Lactobacillus sp., and Streptococcus sp.%-%4, and draft genome
sequences for the GABA-producing bacteria L. plantarum, L. brevis®® °¢, B. angulatum,
and B. adolescentis®” have revealed genes for the transport of GABA. Moreover, the

glutamate decarboxylase GadB is reportedly more highly enriched in human stool
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samples than in any other body site®°. This evidence indicates that select members of the

gut microbiota have the genomic potential for GABA synthesis.

Aside from directly synthesizing GABA, some gut microbes directly respond to it. The first
report of a neurotransmitter receptor in bacteria was that of a GABA uptake system in P.
fluorescens®®. Pseudomonas harbored enzymes for GABA metabolism, but was unlikely
to utilize GABA as a primary nutrient source due to the inefficiency of this pathway,
suggesting that GABA functions as a signaling molecule. When cultures were pretreated
with GABA during early growth phase, strains of P. fluorescens exhibited increased
cytotoxicity, altered LPS structure, and reduced biofilm formation*®. In a separate study,
a gut Flavonifractor sp. was found to utilize GABA produced by B. fragilis as a growth
factor®®. A co-culture screening assay subsequently identified several other GABA-
producing gut microbes that induced Flavonifractor growth, including Alistipes putredinis,
B. ovatus, L. brevis, and B. longum. These results highlight the importance of studying
microbe-microbe interactions within the gut in addition to host-microbe interactions.
Future studies utilizing these methodologies may elucidate neurochemical-based
signaling networks between gut bacteria and provide insight into the key microbial players

in neurochemical biosynthesis and utilization in the Gl tract.

Bacterial Modulation of Host GABA
Additional studies have revealed important roles for the gut microbiota in modulating host
levels of GABA. Compared to SPF mice, mice raised as GF exhibited substantial

deficiencies in levels of luminal GABA that were restored by postnatal conventionalization
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with an SPF microbiome or colonization with Sp bacteria. In another study, site-directed
mutagenesis of GadB in B. dentitium decreased GABA:glutamate ratios in vitro®. As
such, probiotic treatment with B. dentitium significantly diminished visceral
hypersensitivity in rats, consistent with the important role for GABA in regulating pain
perception from visceral sensory afferent neurons. These studies highlight the potential
use of bacterial modulators of host GABA levels as probiotic treatments for symptoms of

intestinal disorders.

Like for 5-HT, whether microbiome-mediated changes in peripheral GABA contribute to
alterations in brain GABA is unclear. Studies examining whether GABA can cross the
BBB have rendered conflicting results®®, though evidence suggests that glutamate, its
precursor, does cross the BBB®'. This raises the question of whether the microbiome can
modulate glutamate concentrations to indirectly impact CNS GABA levels. Microbial
metabolites have been implicated in glutamate-glutamine and GABA cycling in the
hypothalamus of fasted rats. Rats orally gavaged with (U-'3C) inulin exhibited
microbiome-dependent fermentation of the compound into labeled acetate, with
corresponding alterations in hypothalamic GABA metabolism®2. Acetate was
metabolically oxidized by astrocytes through the tricarboxylic acid cycle and fed into
hypothalamic GABA cycling, thereby increasing GABA production. Consistent with this,
L. rhamnosus (JB-1) increased brain GABA concentrations after four weeks of
treatment®3, suggesting indirect effects of the bacterium on host GABA metabolism. JB-1
probiotic treatment also modulated expression of GABA receptors GABAaa2, GABAaa1,

and GABAg1, across different brain regions®*. Alterations in these particular classes of
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GABA receptors have been implicated in anxiety disorders. Indeed, JB-1 treatment
improved performance in the elevated plus maze and forced swim test (FST), behavior
tests for anxiety- and depression-related behaviors in rodents. Notably, the effects on
performance in the FST required active vagal nerve function. Additional studies are
needed to identify specific endocrine and/or vagal pathways that may link microbiome-
mediated GABAergic signaling in the Gl tract and the brain, and to further elucidate how

microbial modulation of neurotransmitters including GABA may affect brain and behavior.

Catecholamines: Dopamine (DA), Norepinephrine (NE), and Epinephrine

Bacterial Synthesis of Catecholamines

NE and DA within the Gl tract account for approximately half of bodily levels, while
epinephrine is low to undetectable®® ¢, They impart various effects on Gl physiology. NE
decreases motility through the sympathetic division of the autonomic nervous system
(ANS) and is also known to regulate sensory, motor and secretory function®’. Epinephrine
slows Gl motility by causing smooth muscle relaxation through beta adrenergic
receptors®®. NE, DA, and epinephrine alter Gl nutrient absorption rates, although DA is
believed to have a smaller contribution. Catecholamines in the GI tract also modulate
blood flow, as NE induces vasoconstriction, epinephrine promotes vasodilation, and DA

elicits concentration-dependent vasodilation or vasoconstriction.

DA and NE have been detected in culture media of several bacteria (Table 1).
Interestingly, the reported concentrations of catecholamines from bacterial culture are

higher than in human blood?', suggesting that microbe-derived catecholamines play an
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important role in signaling between bacteria as well as between the microbiota and the
host. L-DOPA is a DA, NE, and epinephrine precursor, and bacterial synthesis of L-DOPA
via several enzymatic pathways has been well-documented. E. intermedia generated L-
DOPA via beta-tyrosinase activity using L-tyrosine and pyrochatecol as substrates®®.
Tyrosinase activity also efficiently converted L-tyrosine to L-DOPA in a soil Bacillus
species’?. Alternative enzymatic pathways of L-DOPA production in bacteria include
tyrosine phenol lyase, which was identified in Erwinia herbicola and several other
species’’, a transaminase pathway in several bacteria’?, and synthesis from pyruvate,
ammonia, and catechol/pyrocatechol in E. intermedia "3. These findings suggest that L-
DOPA production capacity is widely distributed among bacteria, but microbial pathways
for the conversion of L-DOPA to catecholamine neurotransmitters remain poorly
understood. Interestingly, an L-DOPA decarboxylase was identified in Sorangium
cellulosum™, suggesting that some bacteria may produce DA via the same mechanism

utilized by eukaryotes.

Several studies have explored the effects of NE on the growth and virulence of pathogenic
bacteria. NE stimulated the growth of E. coli, Yersinia enterocolitica, K. pneumoniae, S.
aureus and P. aeruginosa in culture” 76. NE also increased the growth and virulence of
Streptococcus pneumonia’”, Vibrio campbellii, V. anguillarum™, Campylobacter jejuni’®,
and Salmonella typhimurium®. In contrast, NE inhibited the growth of P. gingivalis and B.
forsythus, suggesting that particular bacteria produce NE to regulate others. For P.
aeruginosa, NE increased virulence and swimming motility, likely via the /las quorum

sensing pathway?®'. The virulence of pathogenic E. coli and Y. enterocolitica was also
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enhanced by NE, which stimulated production of adhesin and shiga-like toxin82-84.
Notably, flagellar and motility genes of enterohemorrhagic E. coli (EHEC) was controlled
by a quorum sensing mechanism involving production of Al-3 by gut commensals and
epinephrine/NE by the host. Structurally similar, Al-3, epinephrine and NE, each bound
to QseC, a sensor kinase involved in the regulation of virulence and motility 8587 It is
hypothesized that Al-3 is capable of signaling to eukaryotic adrenergic receptors,
supporting bidirectional signaling between bacteria and eukaryotes®. Aside from known
pathogens, particular Enterobacteriaceae, Pseudomonadoceae, Actinomyces, Eikenella,
and Campylobacter members of the indigenous microbiota also exhibited increased
growth in response to NE®. Epinephrine enhanced P. fluorescens chemotaxis®®, but
much less is known about effects of epinephrine and dopamine on bacterial physiology.
Future studies are needed to examine effects of catecholamines on bacterial function and

genes involved in bacterial metabolism of neurotransmitters.

Bacterial Modulation of Host Catecholamine Synthesis

Animal studies have shown that the gut microbiota plays an important role in the
production of catecholamines found in the intestinal lumen®s. Compared to SPF controls,
reduced levels of free luminal catecholamines were detected in the luminal contents, but
not intestinal tissue, of GF mice, where over 90% of the DA and 40-50% of the NE was
in the biologically inactive glucuronidated form. This suggests that gut microbes are
necessary for producing the free, physiologically active forms of NE and DA, consistent
with known B-glucuronidase activity of the microbiota. Colonization of GF mice with E.

coli and Clostridia bacteria resulted in an increase in free gut NE and DA levels,
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suggesting an important role for particular gut microbes in the de-glucuronidation of

catecholamines.

The gut microbiota can also stimulate host production of catecholamines®. Tyrosine
hydroxylase (TH), the rate limiting enzyme in catecholamine production, is
transcriptionally regulated by the SCFA butyrate in PC12 cells, a cell line derived from the
neural crest that can differentiate into neuron-like cells, which hints at a direct mechanism
for microbial modulation of host catecholamine production®'. Consistent with this,
prebiotic treatment of piglets increased TH expression in the duodenum?®. Further studies
are required to elucidate whether butyrate-producers in particular alter TH expression,

whether butyrate production regulates TH transcription in vivo, and how this affects host

physiology.

One study suggests that microbial regulation of gut DA levels is involved in intestinal
disease. Active colitis is associated with dysbiosis of the gut microbiota, including
increases in Enterobacteriaceae. Interestingly, treatment of colitic mice with vancomycin,
which enriched Enterobacteriaceae, resulted in reduced fecal DA concentrations
compared to mice treated with gentamicin, which decreased the abundance of
Enterobacteriaceae®. These findings suggest a link between particular subsets of gut
bacteria and intestinal DA levels. Additional experiments are required to determine which
bacterial taxa are responsible for modulating DA concentrations, and whether this

modulation occurs by direct synthesis/metabolism by bacteria, or via signaling to the host.
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Importantly, whether microbiota-mediated changes in catecholamines sufficiently

mediate particular symptoms of intestinal disease remains unclear.

The BBB is generally impermeable to catecholamines, but L-DOPA and tyrosine,
precursors for NE, DA, and epinephrine do cross the BBB®. Cerebral DA levels were
approximately two times higher in GF mice compared to conventionalized controls®®. GF
mice also exhibited increased striatal turnover of DA and NE and higher levels of DA in
the prefrontal cortex and brainstem as compared to conventionalized mice 32 %. Further
supporting microbiome-mediated regulation of brain catecholamine levels, probiotic
administration of L. helveticus NS8 restored hippocampal NE levels in a chronic restraint
model 3. In addition, probiotic administration of B. infantis decreased levels of 3,4-
dihydroxyphenylacetic acid (DOPAC) without altering DA levels significantly, suggesting
abnormal DA metabolism3®. Further studies are needed to evaluate microbial modulation
of brain catecholaminergic derivatives and assess the consequences of microbe-based

increases in DOPAC and NE on neurophysiology.

Microbial Modulation of Neurotransmitters and Neurological Disease

Changes in the gut microbiome are implicated in several neurodevelopmental,
neurological and neurodegenerative diseases, including autism spectrum disorder (ASD),
anxiety disorder, depression, Parkinson’s disease (PD), and Alzheimer’s disease (Table
2). Additionally, animal studies reveal fundamental effects of microbiome manipulations

on the development of neurophysiological and behavioral endophenotypes of disease. In
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the following sections we focus on emerging roles for the microbiota and neurotransmitter

dysregulation in anxiety and depression, PD and ASD.

Microbial Effects on 5-HT and Implications for Anxiety and Depression

Anxiety and major depressive disorder are associated with dysfunctions in serotonergic
neurotransmission, including alterations in 5-HT synthesis, reuptake, and metabolism®”:
% Interestingly, these disorders are often comorbid with Gl problems, which has
prompted interest in the role of the microbiota and Gl dysfunction on core symptoms of
disease. GF mice exhibit altered anxiety- and depression-related behavior compared to
conventionally-reared mice3'-32 % and conventionalization of GF mice restores behavior
to that of SPF mice?'. In light of several studies reporting corresponding changes in
peripheral and brain 5-HT metabolism (Table 2), additional research is required to
determine whether any microbiota-associated changes in anxiety- and depression-
related behavior are sufficiently mediated by microbial modulation of 5-HT. Dysfunctions
in GABAergic signaling are also associated with the development of depression and
anxiety®* 190 Administration of L. rhamnosus modulated brain GABA receptor expression
and reduced anxiety and depression-like behavior in mice. Interestingly, vagotomized
mice did not respond to treatment, indicating that microbial signals may be conveyed via
the vagus nerve. Overall, animal studies provide strong evidence that changes in the gut
microbiota are associated with aberrant neurotransmission and altered behavioral

phenotypes.
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Several studies have reported changes in the composition of the gut microbiota in human
depression patients relative to healthy controls 0195 (Table 2). One found that
depression-like behaviors could be induced in GF mice by fecal microbiota transplantation
from depressed human patients'®, suggesting that endophenotypes of depression are
transmissible via the gut microbiota. Furthermore, administration of L. helveticus and B.
longum reduced anxiety-like behavior in rats and alleviated psychological distress in
human volunteers'. Additional research is necessary to determine whether specific
alterations to the gut microbiota disrupt serotonergic neurotransmission in humans.
Because independent studies have reported differential changes in microbiota
composition associated with depression, well-powered cohorts with clinical sub-
classification based on background, symptom severity, medical co-morbidities and
pharmacological exposure, among other variables, are needed to determine whether

defined microbial signatures exist for subsets of patients with depression.

The Microbiome and Dopamine in Parkinson’s Disease (PD)

PD is a neurodegenerative disorder characterized by the aggregation of alpha-synuclein
and loss of dopaminergic neurons in the substantia nigra, resulting in symptoms including
tremor, rigidity, and bradykinesia. Gl dysfunction is associated with PD'%7 198 put it is
unclear whether this is an effect of altered physiology or a causative factor implicated in
the pathogenesis of the disease. Recent work suggested a link between microbial
dysbiosis and PD. A study comparing the fecal microbiota of 72 PD patients to 72 control
subjects found differences in gut microbiota characterized by decreased Prevotellaceae

199, In addition, the relative abundance of Enterobacteriaceae was positively correlated
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with motor symptoms of PD patients. Although a causal link between the gut microbiota
and PD has not been established, these findings suggest that microbial dysbiosis is

associated with PD disease progression.

There are several proposed pathways by which gut microbes could influence PD
etiopathogenesis. One hypothesis is that particular gut bacteria influence intestinal
bioavailability of L-DOPA, a common treatment for PD. Eradication of Helicobacter pylori
in PD patients increased absorption of L-DOPA"9, suggesting that H. pylori utilizes L-
DOPA and thereby reduces bioavailability to the host'''. L-DOPA interacted with H. pylori
surface adhesins in vitro''? and increased bacterial growth''". Another route by which the
microbiota may affect PD is by modulation of circulating lipopolysaccharide (LPS). In
animal studies, LPS exposure damaged the substantia nigra, leading to endophenotypes
of PD''3. PD patients exhibited increased gut permeability compared to controls, which
could contribute to the microbial dysbiosis observed in PD''4. Additional work is
necessary to determine whether particular changes in the gut microbiota actually
contribute to disease. Experimental trials testing the efficacy of probiotics that produce L-

DOPA and/or DA are warranted.

The Microbiome, Neuroactive Molecules and Autism Spectrum Disorder (ASD)

ASD is an increasingly prevalent neurodevelopmental disorder characterized by
stereotyped behaviors, social impairment and communication deficiencies''®. ASD is
comorbid with several medical conditions, including immune dysregulation, Gl disorders,

and altered metabolism, raising the question of whether these peripheral alterations
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contribute to core behavioral symptoms of the disorder. According to several reports, the

microbiome is significantly altered in autistic patients (Table 2).

Evidence for microbial dysbiosis in contributing to core ASD behaviors have largely been
provided by animal models. Compared to SPF controls, GF mice exhibit abnormalities in
social interactions and communication, endophenotypes of ASD3? 16, In a mouse model
of an autism risk factor, maternal immune activation (MIA), treatment of mice exhibiting
behavioral symptoms of ASD with the B. fragilis corrected abnormalities in anxiety-like
behavior, ultrasonic vocalizations, repetitive behavior and sensorimotor gating''”.
Notably, other deficits in sociability and social preference were not corrected. Although
mechanisms underlying the beneficial effects of treatment are unclear, microbial
modulation of the serum metabolome may contribute. In particular, increased in blood 4-
ethylphenylsulfate (4EPS) sufficiently induced anxiety-like behavior, and 4EPS was
reduced by probiotic treatment. This suggests that microbiome-mediated alterations in
neuroactive metabolites could modify particular ASD-related behaviors. In another model
for ASD, offspring of maternal high fat diet (MHFD) mice exhibited ASD-related behaviors
and deficits in oxytocin, a neuropeptide that promotes bonding and sociability, in the
paraventricular nucleus''®. Remarkably, probiotic treatment with live, but not heat-killed,
L. reuteri sufficiently corrected deficits in social behavior and brain oxytocin. Additionally,
since hypothalamic oxytocin activates dopaminergic neurons in the ventral tegmental
area (VTA), MHFD offspring exhibited deficits in long term potentiation of VTA
dopaminergic neurons that were ameliorated by L. reuteri. It will be interesting to evaluate

whether combined probiotic formulations would effectively treat the characteristic
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abnormalities in social, communicative and repetitive associated with ASD, and
importantly, to determine whether these treatments in mice also ameliorate symptoms in

humans.

Conclusion: Neurotransmitters as interkingdom signaling molecules

Produced from simple precursors, the evolutionary origins of neurotransmitters likely
precede their use for neurotransmission in vertebrates''®, as they are widely distributed
throughout all domains of life. The synthesis and metabolism of neurotransmitters by both
bacteria and eukaryotic host cells suggests that neurotransmitters are important factors
for both intra- and interkingdom signaling. Particular bacteria, including members of the
gut microbiota, synthesize and respond to neurochemicals, which exert varying effects
on growth, quorum sensing, motility, and virulence. The gut microbiota further regulates
both the ENS and CNS, by metabolic neuroendocrine signaling, modulation of the
neuroimmune system, and innervation of sensory neurons that project to the brain or
spinal cord. Neurotransmitters are key candidate signaling molecules for each of these
pathways. As increasing evidence supports the importance of the gut microbiota for host
brain and behavior, a greater understanding of the molecular mechanisms of
communication along the microbiota-gut-brain axis is required. Further research is
needed to elucidate the specific bidirectional interactions between indigenous microbes
and host tissues, via factors such as neurotransmitters. Ultimately, understanding the
mechanisms by which neurotransmitter signaling shapes and is shaped by the gut
microbiota may lead to novel treatment strategies for a variety of Gl, neurobehavioral,

and neurological disorders.
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FUNCTIONS IN BRAIN

5-HT: mood, circadian rhythm, appetite, motor
activity, sensory processing, pain, appetite, social
and sexual behavior

NE: attention, stress, wakefulness

DA: reward system, motor function, social behavior

f::::\t,aeerE GABA: primary inhibitory neurotransmitter
1 hypothalamic thypothalamic thippocampal 5-HT tstriatal 5-HT Oxytocin: parturition, social behavior, reproduction

\ ! turnover
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(\\\ 15-HT GABA: blood pressure, immunomodulation
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5-HT: gastric emptying, satiety, motility, nausea,
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Figure 3: Microbial modulation of neurotransmitters in the host. Treatment of animal
models with indigenous gut microbes alters luminal, epithelial, blood and brain
neurochemical levels. Mice raised germ-free (GF) exhibit decreased levels of
catecholamines, GABA and 5-HT in the intestinal lumen, which correlates with decreased
blood 5-HT and altered NE, 5-HT and DA metabolism in the brain. Colonization of GF
with a consortium of spore-formers (Sp) restores levels of luminal and blood 5-HT by
stimulating synthesis in colonic enterochromaffin (EC) cells. Mice colonized with either
Sp, B. dentitium, or a full specific pathogen free (SPF) microbiome display increases in
luminal GABA levels. While increased Enterobacteriaceae levels in the colon

corresponded with decreased DA, colonization with Clostridia and E. coli increased free
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DA levels. GABA, the primary source of neurotransmitter inhibition in the CNS, is

increased in the hypothalamus of mice treated with acetate, an SCFA produced by

microbial fermentation of dietary fiber. Treatment of mice with L. helveticus restored levels

of hippocampal 5-HT and NE in a chronic mild stress model of anxiety, implicating the

microbiome in modulating anxious behavior. L. reuteri colonization not only increased

serum levels of oxytocin, L. reuteri also increased paraventricular nucleus oxytocin-

positive neurons and corrected deficits in social behavior.

Neurotransmitter

Microbial Producers

Microbial Responders

Dopamine
(DA)

HOD/\/NHZ
HO

B. cereus, B. mycoides, B.
subtilis, E. coli, Hafnia alvei,
Lactobacillus helveticus,

Morganella morganii, Klebsiella

pneumonia, Proteus vulgaris,
Pseudomonas aeruginosa,
Serratia marcescens,
Staphylococcus aureus®[1]

Enhanced growth: E. coli, Y. enterocolitica[2, 3],
Klebsiella pneumoniae, P. aeruginosa[4], S.
epidermidis[5], S. enterica[6].

Enhanced swimming motility and virulence of
Vibrio campbellii and Vibrio anguillarum[7].

Epinephrine

OH

H
HOD)VN\
HO

N/A

Enhanced growth: E. coli[3], Klebsiella
pneumoniae, Pseudomonas aeruginosa, S.
aureus(2], S. epidermidis[5], S. enterica[6]. Some
Actinomyces, Eikenella corrodens, and
Campylobacter(1].

Inhibited growth: Porphyromonas gingivalis and
Bacteroides forsythus[1].

Enhanced chemotaxis: Pseudomonas
fluorescens[8], E. coli O157:H7[9] (plus biofilm
formation and upregulation of virulence genes)

Norepinephrine
(NE)

OH

HODA/NHZ
HO

B. cereus, B. mycoides, B.
subtilis, B. mycoides, E. coli,
Proteus vulgaris, Serratia
marcescens® [10]

Enhanced growth: E. coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, S. aureus [2], S.
epidermidis[5], Yersinia enterocolitica[3], S.
enterica®, and Streptococcus pneumoniae®.
Some Actinomyces, Eikenella corrodens,
Enterobacteriaceae, Pseudomonadaceae, and
Enterococcus[11].

Inhibited growth: Porphyromonas gingivalis and
Bacteroides forsythus[1].

Enhanced chemotaxis: E. coli O157:H7[9] (plus
biofilm formation and upregulation of virulence
genes such as K99 pilus adhesin[12] and Shiga-

87




like toxin[13]). Regulation of flagellar and motility
genes: enterohemorrhagic E. coli (EHEC)[8, 14,
15].

Enhanced the growth, swimming motility, and
virulence of Vibrio campbellii, Vibrio
anguillarum[7], and Pseudomonas aeruginosa,
likely via the las quorum sensing pathway[16].
Enhanced virulence of Campylobacter jejuni[17].
Increased the growth and enterotoxin production
of Salmonella typhimurium[18].

Acetylcholine
(ACh)

\ /
)J\O/\/N'\

B. subtilis, E. coli, Lactobacillus
plantarum[19], S. aureus[20,
21]

Inhibition of chemotaxis in P. fluorescens[8].

P. aeruginosa encodes an acetylcholinesterase
enzyme (hydrolyzes acetylcholine)[22].

y-Aminobutyric
acid (GABA)
(0]

H. NM
2 OH

Bacteroides fragilis,
Bifidobacterium longum,
Enterococcus, E. coli[23], H.
influenza, K. pneumoniae[24],
Lactobacillus brevis, L.
rhamnosus, Lactococcus
lactis[25-29], P. aeruginosa, P.
fluorescens, P. mirabilis, , S.
aureus

Enhanced growth: Gut Flavonifractor sp. (utilizing
GABA produced by other bacteria)[30].

Glutamate decarboxylases: E. coli, Lactobacillus
sp., and Streptococcus sp.[31-34]. GABA
transport genes: L. plantarum, L. brevis[29, 35],
B. angulatum, and B. adolescentis[36].

P. fluorescens has a GABA uptake system[37],
and GABA causes increased cytotoxicity, altered
LPS structure, and reduced biofilm formation[26].

Serotonin (5-HT)

HO NH
A
N

H

Detected in Ascaris suum
intestine: Achromobacter,
Acinetobacter, Aeromonas,
Chromobacterium, Citrobacter,
Corynebacterium,
Enterobacteria agglomerans,
Escherichia coli, Klebsiella
pneumoniae, Listeria
monocytogenes, Shigella,
Staphylococcus aureus,
Streptococcus[38]. Morganella
morganii, Klebsiella
pneumoniae, Hafnia alvei[39,
40].

Lactobacillus plantarum,
Lactococcus lactis,
Streptococcus
thermophilus[41]

Enhanced growth: Streptococcus faecalis[4],
Escherichia coli[42], Enterococcus faecalis, and
Rhodospirillum rubrum/[39, 42-44].

Quorum sensing (promotion of biofilm formation
and virulence): P. aeruginosa[45].

Cell aggregation in E. coli and Polyangium
spp.[39, 43].

Tryptamine Clostridium sporogenes, N/A
NH2 | Ruminococcus ghavus[46]
©\/N\§V (using tryptophan
H decarboxylases)

88




Table 2 Microbial Production and Utilization of Neurotransmitters

ANXIETY AND DEPRESSION

Associated
Microbiome Neurochemical/Neurochemical Changes in Refer
Model  Perturbation Change Precursor/Receptor Changes Behavior ce
1GABAA«2R in hippocampus
|GABAA2R PFC, amygdala
1GABAg1,R in cingulate 1, prelimbic
cortices
treatment with |GABAg1:R in basolateral lcorticosterone-
Mouse: L. rhamnosus amygdala, central amygdala, locus induced stress,
BALB/c (JB-1) Not reported  coeruleus, cornus ammonis region 1 anxiety, depression %
15-hydroxytryptophan (5-HTP) and
5-hydroxyindoleacetic acid (5-HIAA)  |anxiety and
Mouse: No bacteria in hippocampus for males, tplasma  depression-related
NMRI  GF vs. SPF in GF tryptophan for males behavior 31,32
IN-methyl-D-aspartate (NMDA)
receptor subunit NR2B expression
Mouse: in amygdala, tbrain derived
Female neurotrophic factor (BDNF) and |5-
Swiss hydroxytryptophan 1A receptor
Webst No bacteria (BHT1AR) expression in dentate tanxiety-like
er GF vs. SPF in GF layer of hippocampus behavior %
1delta FBJ murine osteosarcoma
viral oncogene homolog B (AFosB)
Mouse: expression in dorsal raphe nucleus,
Male No bacteria indirectly implicates effects on tanxiety-like
Swiss  GF vs. SPF in GF serotonergic neurotransmission behavior 129
No bacteria tnorepinephrine (NE), 1dopamine
in GF vs. full  (DA) turnover in brainstem and lanxiety-like
Mouse: microbiome  medial prefrontal cortex, 1serotonin  behavior in EX-GF
BALB/c GF vs. EX-GF  in EX-GF (5-HT) turnover rates in striatum mice %
tserum tryptophan, |serum
kynurenine, |BDNF expression in
Bacterial hippocampus, |hypothalamic
depletion oxytocin and vasopressin, lanxiety-like
Mouse: SPF vs. with thippocampal NE and 5-HIAA, 11- behavior in
NIH antibiotic- antibiotic 3,4-dihydroxyphenylalanine(L- antibiotic-treated
Swiss treated treatment DOPA) in amygdala mice 116
Mouse: No bacteria lanxiety-like
BALB/c in GF vs. behavior in
; NIH GF vs. SPF vs. administratio No change in DA, 5-HT, or NE level antimicrobial-
Swiss EX-GF n of full in small intestine and colon treated mice 130
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microbiome

in EX-GF
Alteration in
Mouse: OBx
Female Olfactory microbiome  fcentral corticotropin-releasing Tanxiety and
C57BL/ Bulbectomy relative to hormone (CRH) expression, tcolon  depression-related
6 (OBx) model sham control  5-HT behavior 131
tc-Fos immunoreactivity for
catecholaminergic neurons in
ventrolateral medulla and NTS
activation of noradrenergic neurons
in locus coerculus, activation of
dorsal raphe neurons (minor
proportion of these serotonergic),
Mouse: Tcecal activated serotonergic neurons in
Male Campylobacter ~ Campylobact ventromedial medulla lateral to tanxiety-like
CF-1 jejuni infection  er jejuni raphe magnus behavior 132
Rat: |DA turnover rate in frontal cortex,
Male No bacteria hippocampus, striatum in GF tanxiety-like
F344 GF vs. SPF in GF relative to SPF behavior 133
Rat:
Spragu
e- treatment with TBDNF expression, 5-HT, NE in lanxiety-like
Dawley L. helveticus Not reported  hippocampus behavior 3
treatment with
Rat: L. helveticus lanxiety-like
Wistar and B. longum  Not reported  Not reported behavior 106
Rat:
Matern
al
Separa treatment with
tion Bifidobacterium ldepressive
Model infantis Not reported Correction of NE brainstem deficits behavior 3
Rat:
Flinder
S
Sensiti
ve vs.
Control  Sodium 1BDNF expression in prefrontal ldepressive
Line butyrate Not reported  cortex behavior 134
treatment with
L. helveticus lpsychological
Human and B. longum  Not reported  Not reported distress 106
Human Association
: with
Depres Faecalibacte
sion rium, Particular bacterial taxa associated
VS. Alistipes, with isovaleric acid, which can cross
Control None Ruminococc  the BBB and inhibit Na+/K+-ATPase Not reported 135
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us,

Oscillibacter

1Bacteroidal
Human es,
: lLachnospir
Depres aceaeaassoc
sion iation with Oscillibacter produces valeric acid,
VvsS. Alistipes and  which is structurally similar to GABA
Control None Oscillibacter  and binds to GABAA receptors Not reported 103

AUTISM
Associated

Microbiome Neurochemical/Neurochemical Changes in Refer
Model  Perturbation Change Precursor/Receptor Change Behavior ce
Mouse: Prior to
Matern probiotic,
al High MHFD
Fat offspring
(MHFD exhibit Corrected social
) VS. Probiotic reduced Restoration of paraventricular behavior deficits
Control treatment with microbiome  nucleus oxytocin deficits seen in seen in MHFD
Diet L. reuteri diversity MHFD offspring offspring 8
Mouse: 1Porphyrom
Autism onadaceae,
(Mater Prevotellace
nal ae,
Immun Bacteroidale Corrected anxiety-
e S, like behavior,
Activati Lachnospira communicative,
on Probiotic cea; B. repetitive,
(MIA) treatment with fragilis in sensorimotor
Model)  B. fragilis MIA Not reported behavior "
Mouse:
Autism
(Prenat lsocial interaction,
al 15-HT in amygdala and prefrontal 1stereotyped
Exposu cortex in males, |intestinal 5-HT in behavior, tanxiety-
reto males, |prefrontal dopaminergic like behavior,
Valproi |Bacteroidet  activity without alteration of DA level |communication,
c Acid es, in males, |DA D1 and D2 receptors  |spatial learning,
(VPA)) VPAExposure  tFirmicutes  in males Lobject exploration '3
Rat:
Autism Abnormal distribution of
(Prenat serotonergic neurons in embryos, |
al Not reported, and 15-HT measurements in
Exposu but altered in  hippocampus depending on study, |Performance on
re to murine tfrontal cortex dopamine, cognitive tasks,
VPA)  VPA Exposure models hyperserotonemia |social interaction 37141
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1Clostridace

ae,
| Faecalibact
erium,
1Bacteroidet
Human es,
: | Bifidobacter
Pediatr ium,
ic tAkkermansi
Autism a
Vs. muciniphila,  tGlutamate in fecal samples of
Control None 1 Sutterella children with autism N/A 142 143
PARKINSONS DISEASE (PD)
Microbiome Associated Neurochemical Changes in Refer
Model  Perturbation Change Change Behavior ce
Human
Eradic
ation
therapy
Vs. Eradication | Global Clinical
antioxi  (omeprazole, tL-DOPA intestinal absorption Score, indicating
dant amoxicillin, Depletion of  relative to antioxidant control, reduced PD
control  chlarithromycin) H. pylori measured in plasma symptoms 110
Intranigral
injection of
lipopolysacchari | Substantia nigral dopaminergic
Rat: de (LPS) from neurons and DA levels, |striatal DA
SHR E. coli Not reported  and DA metabolite levels Not reported 144,145
Human |Prevotellac
:PD eae, 1Ghrelin, which regulates
VS. tLactobacilla dopaminergic function in the
Control None ceae substantia nigra N/A 109

Table 3: Associations between Microbial Alterations, Neurochemical Changes,
and Symptoms of Neurological Disease
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Abstract

The diverse collection of microorganisms that inhabit the gastrointestinal tract, collectively
called the gut microbiota, profoundly influences multiple aspects of host physiology
including nutrient metabolism, resistance to infection and immune system development.
An emerging concept known as the “microbiota-gut-brain axis” illustrates a critical role for
the gut microbiota in orchestrating brain development and behavior and the function of
the neuroimmune system. The gut microbiota regulates the maturation and function of
tissue-resident immune cells in the central nervous system such as microglia. Microbes
also influence the activation of immune cells in periphery, which regulate responses to
neuroinflammation, brain injury, autoimmunity and neurogenesis. Accordingly, both the
gut microbiota and immune system have been implicated in the etiology and
pathogenesis of neurodevelopmental, psychiatric and neurodegenerative diseases, such
as autism spectrum disorder, depression, Alzheimer’s disease and Parkinson’s disease.
Furthermore, associations between microbial dysbiosis and clinical readouts also suggest
a role for the gut microbiota and immune system in human neurological diseases. In this
review, we discuss the complex interplay between the gut microbiota, nervous and

immune systems, which collectively impact brain health and disease.
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Introduction

Far from an immune privileged site, the brain harbors resident immune cells that defend
against infection and injury, while also supporting neurons in remodeling circuit
connectivity and regulating plasticity. Molecules traditionally acknowledged for their roles
in the peripheral immune system are now being recognized for their importance in normal
neurodevelopment. Cytokines regulate neuronal differentiation and axonal pathfinding®;
the complement system tags target cells for synaptic pruning?, and MHC class | proteins
modulate neurite outgrowth and synaptic plasticity?, redefining immune molecules as
fundamental signaling factors in normal brain development. Conversely, several factors
traditionally acknowledged for their roles in the central nervous system (CNS) are
becoming increasingly recognized for their roles in the immune system. Various leukocyte
subtypes produce and respond to common neurotransmitters*5¢7 and stimulated
subsets of brain neurons modify peripheral responses to immune activation®. Bidirectional
communication between the nervous and immune systems is further facilitated by the
recently defined brain lymphatic system, which connects peripheral lymphatic tissues to
the CNS, and the blood brain barrier (BBB), which regulates passage of immune factors

and cells® 19,

The diverse collection of microorganisms that inhabit the gastrointestinal tract, collectively
called the gut microbiota, profoundly influences the maturation and function of the

immune system, as well as brain development and behavior. There is an increasing
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appreciation that the gut microbiota fundamentally regulates interactions between the
nervous and immune systems. Key pathways and factors for signaling between the
immune system and CNS are modulated by the gut microbiota. The development and
function of resident brain immune cells are altered in response to changes in the gut
microbiome. Particular microbial products synthesized de novo or induced by stimulation
of host cells act directly on resident immune cells. Moreover, the microbiome can activate
peripheral immune cells, which then send signals to neural cells or traffic into the brain
itself. Such effects of indigenous gut bacteria on nervous-immune system communication

have important implications for normal neurophysiology and neurological disease.

Development and function of brain resident immune cells

Microglia

Microglia are the most abundant resident immune cells in the CNS, comprising 5-20% of
glial cells'2, Derived from yolk sac erthyromyeloid progenitors that enter the
neuroepithelium during mid-gestation and continuously self-renew under typical
circumstances' 213, microglia perform canonical functions of myeloid cells, including
phagocytosis, antigen presentation, cytokine signaling and inflammatory activation'?'4.
However, microglia are also unique in several respects. Their extensive ramified
processes enable rapid immune surveillance and clearance of debris and infectious
agents, taking an estimated 2-5 hours to survey the entire brain with limited physical

migration'#"%, Microglia exhibit a wide spectrum of activation states, where those that
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display an M1 phenotype generally exhibit pro-inflammatory features, while those that
align with an M2 phenotype are generally associated with neuroprotective responses’®-17.
Microglia also perform specific functions during neurodevelopment, tagging and clearing
synapses for pruning, promoting neuronal circuit wiring and producing cytokines and

chemokines that guide neuronal differentiation'*12:17:18,

The microbiome influences microglial maturation and function (Fig. 1a) . Germ free (GF)
mice, raised in the absence of microbial colonization, had increased numbers of immature
microglia across gray and white matter of the cortex, corpus callosum, hippocampus,
olfactory bulb and cerebellum'. These microglia exhibited longer processes and
increased branching, with elevated expression of CSF1R, F4/80, and CD31, factors which
typically decrease with progressive development toward an adult-stage phenotype’®.
Similar increases in immature microglia were observed after antibiotic treatment of
conventionally-raised mice, though the overall number of microglia remained
unchanged'®. This suggests differential effects of the microbiota on microglia that are
dependent upon developmental timing and/or duration of microbial colonization.
Consistent with this, newborn differed from adult microglia in GF mice with respect to
gene expression compared to their age-matched conventionally-colonized controls™s.
Several genes were downregulated in GF microglia, but a greater number of genes were
more substantially downregulated in microglia from adult GF mice compared to those
from newborns. The finding that microglia from newborn GF mice display altered gene

expression profiles compared to those from newborn conventionally-colonized mice
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raises the question of whether there is an effect of the maternal microbiome on early life

programming of microglial development.

Microglia from adult GF mice were also functionally impaired in response to challenge
with lipopolysaccharide (LPS) or lymphocytic choriomeningitis virus (LCMV), maintaining
altered morphology and exhibiting attenuated immune activation, including impaired
induction of pro-inflammatory cytokines Interleukin-13 (IL-1B), interleukin-6 (IL-6) and
tumor necrosis factor a (TNFa)'319, This functional deficit aligns with the finding that naive
adult microglia from GF mice have decreased expression of several genes relevant to
interferon responses, innate responses to stimulation, viral defense and effector

processes'?.

While the precise mechanisms by which gut microbes influence brain microglia remain
unclear, there appears to be some specificity of microglial modulation to particular
bacterial taxa of the gut microbiota. GF mice that were colonized with a minimal
community of three bacterial species: Bacteroides distasonis, Lactobacillus salivarius and
a member of Clostridium cluster XIV, maintained abnormalities in microglia. This suggests
that microbial effects on microglia are not regulated by bacterial load in general, but
require greater diversity of the gut microbiota or are conferred by particular microbial

species and functions not represented by the minimal community tested.

Notably, GF-associated alterations in microglial morphology, abundance and gene

expression were normalized by postnatal supplementation with short chain fatty acids
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(SCFAs), primary products of bacterial fermentation'®2°, raising the question of whether
particular SCFA-producing bacterial species specifically restore abnormalities in
microglia seen in GF or antibiotic-treated mice. Consistent with a role for SCFAs in
mediating effects of gut microbes on brain microglia, conventionally-colonized mice
harboring a deletion in the SCFA receptor G Protein-Coupled Receptor 43 (GPR43),
encoded by Free Fatty Acid Receptor 2 (FFAR2), exhibited abnormalities in microglia that
were analogous to those seen in microbiota-depleted mice. While microglia are known to
express GPRA43 directly, whether the effects of the microbiota on microglia are mediated
by direct signaling of SCFAs to microglia is unclear. Indeed, SCFAs are involved in a
broad array of functions that influence gastrointestinal physiology, peripheral immunity,
liver metabolism and even BBB integrity, which could mediate or contribute indirectly to
effects on microglia. Future studies targeting specific bacterial taxa, specific SCFAs
(acetate, propionate, butyrate) and conditional microglia-specific knockout of FFARZ2 are

warranted.

Whether the microbiota affects microglial function during early postnatal development is
not known but could have important implications for brain development and later life
behavior. During early postnatal life, microglia are integral for synaptic pruning, tagging
synapses for clearance with complement proteins based on neural activity?'. Early life
exposure of conventionally-colonized mice to subtherapeutic antibiotic treatment (STAT)
resulted in elevated cecal levels of SCFAs compared to controls??, raising the possibility
that such alterations in SCFAs could impact microglia during early postnatal development.

Moreover, early life disruption of the microbiota by antibiotic exposure and in response to
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Caesarian section are associated with chronic diseases later in life, including increased
risk for neurodevelopmental diseases such as autism spectrum disorder. In addition,
several neurological disorders, including Parkinson’s disease (PD), multiple sclerosis
(MS), anxiety disorder, depression, stroke and amyotrophic lateral sclerosis (ALS), are
each associated with both dysregulated microglia and dysbiosis of the gut microbiome
(Table 1). Whether microbial effects on microglial maturation and function contribute to
the pathogenesis of neurodevelopmental and neurological diseases involving microglial

disruptions are important questions for future study.

Astrocytes

Astrocytes, comprising 20-40% of cells in the brain, exhibit a diverse array of functions,
including the regulation of BBB integrity, ion gradient balance, neurotransmitter turnover,
cerebral blood flow and nutrient transport?3242526, Astrocytes integrate information from
numerous adjacent glial, neuronal, vascular and immune cell types to regulate neural
excitability?” and synapse formation?®. Additionally, astrocytes are important for brain
metabolism; as the main site of glycogen storage in the brain, astrocytes provide support
when the brain is hypoglycemic?®. Though they derive from neural progenitor cells (NPCs)
of the neuroectoderm?’, astrocytes also perform immune-related functions, expressing
pattern recognition receptors (PRRs) for detection of microbial-associated molecular

patterns (MAMPs) and modulation of neuroinflammatory responses?®.
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The gut microbiota modulates astrocyte activity via microbially-derived metabolites that
activate astrocyte aryl hydrocarbon receptors (AHR)?° (Fig. 1b). Type | interferon (IFN-I)
signaling in astrocytes attenuates inflammation and symptoms of experimental
autoimmune encephalomyelitis (EAE) in mice, an effect mediated in part by activation of
AHRs. Tryptophan derivatives produced by dietary metabolism by the gut microbiome are
natural ligands of AHRs. Consistent with this notion, depletion of the gut microbiota using
the antibiotic ampicillin decreased levels of the AHR agonist indoxyl-3-sulfate (13S) and
worsened EAE disease scores?®. Supplementation of antibiotic-treated mice with
bacterial tryptophanases, which converts tryptophan to indole, or with indole itself,
improved EAE recovery. Similarly, decreases in EAE clinical score were enhanced by
peripheral administration of I3S, indole-3-aldehyde (IAld, another AHR agonist) or
consumption of an indole-supplemented diet?°. In human astrocytes, 13S also reduced
expression of pro-inflammatory factors, including C-C Motif Chemokine Ligand 2 (CCL2),
Tumor Necrosis Factor (TNF), Nitric Oxide Synthase 2 (NOS2), and IL62°. While much
remains to be explored with regards to particular microbial taxa that regulate astrocyte
function, the gut bacterium Lactobacillus reuteri is of interest because it is known to

produce IAld from dietary tryptophan?9-0.

Whether other functions of astrocytes are affected by the microbiome is unclear.
Depletion of the gut microbiome was associated with increased permeability of the BBB
and alterations in tight junction expression across the frontal cortex, striatum and
hippocampus?'. While monocolonization with the butyrate-producer Clostridium

tyrobutyriticum or supplementation with the SCFA sodium butyrate alone sufficiently
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corrected abnormalities in BBB integrity, the particular molecular and cellular signaling
mechanisms remain unclear. As astrocyte endfeet are primarily responsible for forming
the BBB and regulating permeability, future studies should examine whether effects of

the microbiota on BBB integrity involve regulation of astrocytes via butyrate signaling.

Innate and adaptive immune cells in the CNS

Aside from microglia and astrocytes, several other innate and adaptive immune cells are
resident in the CNS, including perivascular macrophages, CD4" T lymphocytes, CD8* T
lymphocytes and mast cells'+1832.33 While effects of the microbiota on these brain
resident immune cells have not been described, several studies reveal that the
microbiota, and in some cases particular bacterial species, modulate peripheral myeloid
cells, T cells and mast cells®**, which share common hematopoietic progenitors with the
brain subsets. For example, the microbiota is a major regulator of hematopoiesis,
impacting myeloid development in both the embryonic yolk sac and bone marrow?3, which
are sources of brain microglia and perivascular macrophages, respectively. It would be
interesting to determine whether these effects on peripheral hematopoietic progenitors
result in alterations in brain parenchymal, perivascular, meningeal and/or tissue-resident
immune cells. Since parenchymal CNS macrophages, and choroid plexus macrophages
in particular™, localize close to the vasculature?, future studies are needed to test whether
circulating factors that are regulated by the microbiome influence these subsets of brain

immune cells.
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Peripheral immune cell responses and neuroimmune interactions

CNS inflammation and injury

Indigenous bacteria are potent regulators of mucosal and systemic immune responses
and significantly contribute to the development of inflammatory disorders including those
affecting the CNS (Fig. 2). In EAE, GF or antibiotic-treated mice were protected from the
development of EAE compared to conventional mice®¢®’, suggesting a role for the gut
microbes in CNS inflammation. Studies investigating the contribution of specific members
of the microbiota have revealed complex interactions between indigenous bacteria and
CNS inflammation. Segmented filamentous bacteria (SFB) are epithelial-associated
bacteria that promote the development of IL-17A-producing CD4* T cells in the mouse
small intestine®®3°. Colonization of GF mice with SFB alone was sufficient to promote
EAE compared to GF controls®®. Since IL-17A is a critical inflammatory component of
EAE*, these data suggest that SFB-elicited Tn17 cells are responsible for the
development of EAE. Indigenous bacteria that promote immunoregulatory responses
have been associated with protection against EAE. The human gut bacterium Bacteroides
fragilis induces IL-10-producing regulatory (Treg) cells in the mouse colon via the bacterial
expression of polysaccharide A (PSA)*'42. While antibiotic-treated mice were protected
from EAE, re-colonization with PSA-deficient but not wild-type B. fragilis restored EAE
susceptibility®”43. Regulation of EAE development by PSA is dependent on Treg cells*3.
Consistent with these findings, oral treatment of wild-type mice with PSA provided

protection from CNS demyelination and inflammation through a TLR2-dependent
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pathway** 4%, Recognition of PSA through TLR2 resulted in expression of CD39 on CD4*
T cells in the cervical lymph node, which represented a subset of CD4* T cells that have
enhanced immunosuppressive properties*>. Gut microbiota-derived metabolites
produced by spore-forming members of the Firmicutes phylum have also been implicated
in protection from EAE. Treatment of mice with SCFAs reduced EAE and axonal damage
through increased Teg differentiation*®. More recently, it was demonstrated that intestinal
microbes promote a subset of autoreactive intraepithelial lymphocytes (IELs) in myelin
oligodendrocyte glycoprotein (MOG)-specific T cell receptor (TCR) transgenic 2D2 mice.
These MOG-specific CD4" IELs were immunosuppressive and could protect wild-type
mice from EAE in a LAG-3-dependent manner when adoptively transferred*’. Altogether,
indigenous bacteria significantly influence the degree of CNS inflammation through
modulation of pro- and anti-inflammatory mucosal and systemic immune responses.
Despite these findings, whether antigen-specific responses or bystander activation of
immune cells by indigenous bacteria is involved in regulation of CNS inflammation has

not been fully explored and requires further investigation.

Probiotic administration has been demonstrated to be beneficial in treating a number of
chronic inflammatory diseases. Chronic inflammatory diseases such as inflammatory
bowel disease and chronic liver disease are commonly associated with impaired brain
function and associated sickness behaviors. Administration of probiotics can improve
these debilitating symptoms by modulating peripheral immune pathways. In the bile duct
ligation model of liver inflammation, mice routinely developed social disabilities, which

were ameliorated following ingestion of the VSL3 probiotic cocktail*®. Although probiotic
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treatment did not alter gut microbiota composition, it reduced the amount of circulating
TNF-a and monocyte accumulation in the brain, suggesting that probiotics may regulate
the ability of chronic inflammatory responses to influence brain function. Age-related
deterioration of cognitive function is usually manifested by loss of neural plasticity and
impaired long-term potentiation (LTP). Treatment with VSL3 altered the gut microbiota
and attenuated age-related reductions in LTP*°, suggesting that modulation of the
microbiota can positively influence neural function. However, whether probiotics improve

brain function by modulating peripheral immune responses requires further investigation.

Besides CNS inflammation, the microbiota also plays a critical role in regulating the
pathogenesis and resolution of brain injury. In a mouse model of middle cerebral artery
occlusions (MCAOQO)-induced ischemic brain injury, mice treated with antibiotics displayed
reduced infarct volume and improved sensorimotor function®. Neuroprotection was
associated with reduced infiltration of small intestine IL-17* yd T cells into the meninges,
suggesting that indigenous bacteria control immune responses to brain injury by
regulating lymphocyte trafficking from the gut to the brain. A similar study showed that
MCAO resulted in intestinal dysbiosis and transfer of the MCAO microbiota to GF animals
led to increased pro-inflammatory cytokine production in the intestine and brain as well
as increased infarct volumes. While these data suggest that indigenous bacteria induce
immune responses to promote brain injury, they may also regulate immune responses
that are neuroprotective. Transfer of fecal microbiota from naive animals to MCAO mice
reduced brain lesions volumes in wild-type but not Rag7”- animals, suggesting a critical

role for the adaptive immune system in protection from stroke®'. GF or antibiotic-treated
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mice have skewed systemic type 2 immune responses such as elevated serum IgE,
basophilia and Th2 cells®?53, Induction of RORyt" Trwg cells in the colon by SCFA-
producing bacteria, which limits Th2 responses, was recently proposed as a mechanism
for elevated Tn2 cells in microbiota-depleted mice2%4. In a mouse model of spinal cord
contusion injury, IL-4 derived from CD4*T cells played a key role in axonal regrowth®°.
Interestingly, CD4* T cells from Myd88”- mice produced less IL-4 in this model, suggesting
that bacterial ligands or IL-1 cytokine family members regulate CD4* T cell responses in
the CNS. Consistent with a role for IL-1 family cytokines, it was subsequently
demonstrated that IL-33 released by damaged oligodendrocytes activated a tissue-
protective innate immune response®. Despite these data, whether indigenous bacteria
directly modulate tissue-protective type 2 immune responses in the CNS remains to be

determined.

The humoral immune system and CNS autoimmunity

In addition to T cell-mediated mechanisms of CNS autoimmunity, B cells also play a
critical role in the generation of CNS-reactive autoantibodies and the pathogenesis of
neuroinflammatory disorders®”:%8. Intestinal microbes impact the development of
behavioral disorders through modulation of humoral immune responses and antigen
mimicry. Streptococcal infection is often associated with the generation of CNS-reactive
antibodies that lead to behavioral abnormalities collectively known as pediatric
autoimmune neuropsychiatic disorders associated with streptococcal infection

(PANDAS). In the PANDAS animal model where mice are immunized with group A -
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hemolytic Streptococcus, these mice developed a variety of behavioral abnormalities
such as impaired motor coordination and repetitive rearing behavior®®. Transfer of
complete, but not IgG-depleted, sera from immunized mice was sufficient to induce
behavioral deficits, suggesting that bacterial infection-induced autoantibodies are critical
to the development of PANDAS. Autoantibodies have also been implicated in the
development of eating disorders and indigenous bacteria appear to be involved in their
generation. Antibodies produced in response to the heat-shock protein ClpB derived from
the bacterium E. coli cross-react with the a-melanocyte-stimulating hormone (a-MSH), a
peptide critically involved in food intake®. Oral administration of wild-type but not ClpB-
deficient E. coli resulted in the generation of ClpB- and a-MSH-reactive antibodies and
decreased food intake. These preliminary findings indicate a role for indigenous bacteria-
induced autoantibodies in behavioral disorders and provide the groundwork for future

studies.

Neurogenesis

Recent data indicate that indigenous bacteria play a critical role in regulating
neurogenesis. Bacterial cell wall components have the capacity to cross the maternal-
fetal interface in pregnant dams, and activation of TLR2 by bacterial cell wall components
leads to cortical neuroproliferation and impaired cognitive function in the developing
fetus®'. These data suggest that the maternal microbiome could regulate neurogenesis
and subsequent behavioral changes in the developing offspring. Studies assessing adult

hippocampal neurogenesis in GF mice revealed increased proliferation in these
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animals®?, indicating a role for the microbiota in regulating adult neurogenesis. However,
colonization of GF mice post-weaning did not reduce neuronal cell proliferation to
conventional levels, suggesting that there is a critical window in which indigenous bacteria
regulate this process. In contrast, it was recently demonstrated that antibiotic treatment
decreases hippocampal neurogenesis and spatial and object recognition, which could be
restored by exercise and probiotic VSL3 treatment®3. Both exercise and probiotics were
associated with increased Ly6C" monocytes in the brain. Depletion of monocytes
reduced neurogenesis while adoptive transfer of monocytes to antibiotic-treated mice
increased neurogenesis, identifying circulating monocytes as a novel cellular mediator of
gut-brain communication. Despite the discrepancy in these studies, indigenous bacteria
appear to regulate neurogenesis. More studies are necessary to precisely define host-

microbial interactions in the context of neurodevelopment.

Impacts on behavior and endophenotypes in neurological disorders

Social communication and autism spectrum disorder

Changes in microbiota composition are linked to the development of behavioral disorders
such as anxiety, depression and autism®+85, Recent studies have begun to elucidate the
cellular and molecular pathways by which indigenous microbes regulate the development
and progression of these disorders. In the maternal immune activation (MIA) animal
model of autism spectrum disorder (ASD) in which administration of the TLR3 agonist

poly(l:C) in pregnant dams results in offspring with behavioral phenotypes similar to those
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observed in autism, MIA offspring exhibited increased intestinal permeability and
alterations in the composition of the gut microbiota®. Administration of the human gut
bacterium B. fragilis partially improved microbiota dysbiosis and behavioral abnormalities
in MIA offspring. However, PSA-deficient B. fragilis and some other Bacteroides members
were also able to protect MIA offspring, suggesting that alterations of these behaviors
was not due to PSA-specific modulation of mucosal and systemic immune responses.
Instead, it was proposed that B. fragilis treatment altered the composition of serum
metabolites and reduced the anxiety-associated molecule 4-ethylphenylsulfate (4EPS).
Further support for a link between intestinal dysbiosis and these symptoms was provided
by a recent study, which demonstrated that a maternal high fat diet (MHFD) resulted in
significant changes to the offspring microbiota and abnormal social behavior®”. Transfer
of the control but not MHFD diet microbiota from offspring to GF mice improved their
social impairments, suggesting a causal relationship between intestinal dysbiosis and
these behavioral readouts. When Lactobacillus reuteri, a bacterial strain that was reduced
in the MHFD offspring, was re-introduced, social deficits were corrected. It was proposed
that behavioral abnormalities in MHFD offspring was due to reduced expression of the
neuropeptide oxytocin in the hypothalamus and reduced activity of the dopaminergic
reward system. Collectively, these data support the idea that the gut microbiota can
impact symptoms of neurodevelopmental disorders through modulation of the host

metabolome and neuropeptide production.

Despite these data, the host immune system, which is dynamically regulated by the gut

microbiota, also plays a critical role in the development of these behavioral phenotypes
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in MIA offspring. Poly(l:C) injection of pregnant dams resulted in elevated systemic levels
of the pro-inflammatory cytokines IL-6 and IL-17A%8.6%, Consistent with a role for immune
dysregulation in the MIA model, bone marrow reconstitution reduced repetitive and
anxiety-like behavior in MIA offspring®®. To identify immune signals that contribute to
disease in this model, it was shown that administration of IL-6 in offspring was sufficient
to trigger abnormal behaviors and that blockade of IL-6 but not IFN-y, IL-1a and TNF-a in
pregnant dams reduced behavioral phenotypes induced by MIA7®. More recently, IL-17A
was implicated as a critical inflammatory mediator in the MIA model. MIA offspring from
mice lacking T cell-derived IL-17A were protected from developing these behavioral
phenotypes®. Furthermore, intraventricular IL-17A administration in fetuses was
sufficient to elicit behavioral abnormalities. Given the function of IL-6 in promoting
differentiation of Ty17 cells, these data suggest that IL-6 and IL-17A act in concert to
promote disease induced by MIA. Since IL-17A and Tu17 cells are immune pathways that
are sensitive to changes in the composition of the gut microbiota, these findings also raise
the possibility that MIA-induced immune dysregulation is linked to intestinal dysbiosis.
Further studies are required to address the contribution of indigenous bacteria in immune

dysregulation and disease outcome in ASD.

Stress, anxiety and depression

Depression is a mood disorder characterized by melancholy, anxiety and emotional and
physical exhaustion. Although experts have long suspected that the molecular basis for

depression arises from neurochemical imbalances in the brain, the precise etiology of
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depression is not known and appears to involve a number of environmental factors such
as exposure to physical and psychological stress, activation of the immune system, and
more recently, interactions between the host and microbiome. The idea that indigenous
gut microbes can influence depressive behaviors is supported by studies using GF mice
and mice treated with antibiotics or probiotics. Numerous studies have reported that mice
lacking a normal gut flora display reduced basal and stress-induced anxiety- or
depressive-like symptoms. GF mice were less anxious and depressed compared to their
conventional counterparts and these phenotypes were restored following intestinal
colonization”"7273, In response to a physical stressor such as dextran sodium sulfate
(DSS)-induced intestinal inflammation, mice exhibited increased anxiety-like behaviors,
which was ameliorated by probiotic administration of Bifidobacterium longum?™. Similarly,
in the maternal separation model of depression, rats displayed increased depressive-like
behaviors and elevated pro-inflammatory cytokines, which were reduced following
treatment with the probiotic Bifidobacterium infantis’>. Some Lactobacillus strains
exhibited anti-depressive properties in steady state animals or in response to stress’® 7.
To begin to demonstrate a causal relationship between indigenous bacteria and
depression, one recent study showed that maternal separation-induced anxiety- and
depressive-like symptoms required the presence of a complete gut microbiota.
Furthermore, patients with major depressive disorder (MDD) harbored a distinct
microbiota from healthy controls and fecal transfer of the MDD microbiota enhanced
depressive-like symptoms in GF mice’3. These results collectively support the hypothesis
that indigenous bacteria have a significant impact on physical and psychological stress.

However, the cellular and molecular pathways that mediate gut-brain communication are
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currently unclear and appear to involve modulation of the immune system?’>7° host
metabolism’® and/or vagal nerve stimulation’*””. Given the potent immunomodulatory
properties of indigenous bacteria and probiotics’®7?, it is likely that altered immune
environments due to host-microbiome interactions can lead to changes in brain function
through the hypothalamic-pituitary-adrenal (HPA) axis, a neuroendocrine, stress-sensing
system that is activated by pro-inflammatory cytokines®. Future studies using
immunodeficient animals will be necessary to define the precise functions of the immune

system in gut-brain communication in models of stress, anxiety and depression.

Neurodegeneration and aging

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are neurodegenerative disorders
with complex etiologies including age, genetic and environmental components. In AD,
deposition of protein aggregates comprised of amyloid-f3 peptide and tau in CNS tissues
impairs cognitive function. However, the host-intrinsic and extrinsic factors that regulate
these processes are unclear. Accumulating evidence suggests that pathogenic microbes
may contribute to neurodegeneration. Bacterial®’:82, viral®3848586  fyngal®” and
parasitic®89 infections that target the CNS are associated with increased risk for AD.
These infections likely promote chronic inflammatory responses in the CNS of susceptible
individuals that could contribute to hallmarks of neurodegeneration such as alterations in
synaptic function, neurodegeneration and amyloidosis®. Bacterial infection induces
amyloid-B production, which has both antimicrobial and pathologic properties, proposing

the idea that infection-induced amyloidosis may drive AD®'. Aside from externally
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acquired microbes, one report demonstrated that a mouse model of AD (APPPS1-Tg
mice) derived under GF conditions exhibited reduced cerebral and serum amyloid-3
levels®2. These results are consistent with reduced plaque deposition in male
APPswe/PS1ae9 mice treated with broad-spectrum antibiotics®3. In support of a role for
indigenous microbes in promoting AD, members of the host microbiota can regulate
amyloidosis by producing their own amyloid peptides®. Additionally, manipulating the gut
microbiota by antibiotic treatment or probiotic treatment alters learning and
memory®596.97.98  Despite these data, the role of microbiota-directed pathways in the

development of AD requires further interrogation.

PD is a neurodegenerative motor disorder that is frequently associated with impaired
gastric motility®® and elevated levels of a-synuclein in the intestine'®, raising the
possibility that the intestinal environment regulates the development of PD. One study
revealed that the fecal microbiome of PD patients had reduced abundance of
Prevotellaceae compared to healthy controls while a subset of PD patients with severe
postural instability and gait difficulty (PIGD) had elevated Enterobacteriaceae'"’,
suggesting that these bacteria regulate motor function. Similar findings were reported in
a separate study evaluating the PD gut microbiome'%?. PD patients also exhibit increased
intestinal permeability and colonic inflammation'3.1%4_ Altogether, these preliminary data
warrant additional studies exploring the contribution of the gut microbiota to the

development of PD.
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The primary risk for neurodegenerative disorders like AD and PD is age. Longitudinal
studies interrogating the structure of the human microbiome now indicate that the
composition of our gut microbiota changes over time. From birth to adulthood, the
microbiota undergoes a maturation process that is primarily due to dietary changes and
exposure to environmental insults'%%1%_ As a result, the adult microbiome is more diverse
than both the infant'®” and elderly microbiome'%. Given associations between the gut
microbiome, immune system and neurodegeneration, age-related decline in CNS

function may be explained by alteration in the gut microbiome.

Bidirectional communication with the immune system and CNS

Bacterial- and host-derived products

A growing body of evidence indicates that alterations in indigenous bacteria composition
and signaling events in the gut can impact brain function and behavior through multiple
mechanisms (Fig. 3). Activation of innate immune responses following exposure to
microbial factors requires the recognition of MAMPS via PRRs. The most well
characterized family of PRRs is Toll-like receptors (TLRs), which are expressed not only
on innate immune cells but also CNS-resident cell populations including neurons and glial
cells’%110 Since TLR ligands derived from the intestinal microbiota can be found
systemically during chronic inflammatory disorders'!!, these products may be able to
directly trigger innate immune pathways to impact CNS function. Although systemic LPS

administration drives CNS inflammation by activating TLR4-expressing brain-resident
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cells'2113, evidence for microbiota-derived MAMPs that trigger CNS inflammation is
currently lacking. An alternative pathway may involve indirect activation of the systemic
immune system and release of circulating inflammatory cytokines, which then trigger CNS

inflammation and subsequent behavioral changes''4.

Indigenous bacteria colonization modulates the host metabolome, which appears to
influence CNS function. Circulating metabolites can enter the CNS and directly modulate
neuroactivity®® 15, On the other hand, particular metabolites can regulate the function of
peripheral immune cells'®17 which then can influence brain function potentially through
the recently described brain lymphatic network''®. How immune cells coordinate gut-brain
communication and whether microbial-derived metabolites can directly modulate the

function of the CNS are currently areas of intense investigation.

Neurotransmitters are of particular interest in light of emerging studies demonstrating that
the gut microbiota modulates host metabolism of neurotransmitters and that particular gut
microbes can synthesize neurotransmitters de novo. Serotonin is a neurotransmitter that
controls many physiological functions such as circadian rhythms, cognition and mood"®,
and multiple neurological disorders have been associated with changes in serotonin
levels. Unlike many neurotransmitters, the majority of the host’s serotonin is derived from
the gastrointestinal tract'?°, suggesting a role for the intestinal environment in modulating
its synthesis. Consistent with this idea, GF mice have reduced levels of serum and colon
serotonin compared to conventional controls'?"122. Spore-forming bacteria, in particular,

activate intestinal enterochromaffin cells to produce serotonin'?®. Furthermore,
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metabolites upregulated by spore-forming bacteria colonization as well as SCFAs could
directly promote the production of serotonin and expression of the serotonin biosynthetic
enzyme, Tph1 in enterochromaffin cells'?>124. Similar microbiota-dependent alterations
were observed for y-aminobutyric acid (GABA), norepinephrine (NE), dopamine and
tryptamine, where particular bacterial species exhibited the capability of synthesizing or

inducing host neurotransmitter metabolism.

Serotonin is also a key mediator of neuroimmune interactions. Immune cells of both
myeloid and lymphoid lineages express a range of serotonin receptors and can respond
to serotonin stimulation by altering their inflammatory functions'?. Thus, serotonin may
have indirect effects on the CNS through modulation of immune cell function. Indeed,
spore-forming members of the gut microbiota promote Teg cell differentiation in the colon
primarily through SCFAs'26.127.128  \Whether immunomodulation by indigenous bacteria
depends on serotonin biosynthesis remains to be determined. Nevertheless, these data
highlight a critical role for the microbiota in regulating CNS function through
neurotransmitter biosynthesis and suggest a potential microbial etiology to some
neurological conditions. Studies interrogating how intestinal microbes impact host
synthesis and release of neuroactive molecules will be essential to understanding this

key communication pathway in the gut-brain axis.

Neuronal signaling
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In addition to modulating intestinal production of neurochemicals, gut microbes can
communicate with the CNS via stimulation of the vagus nerve, a parasympathetic neural
network that provides homeostatic control of the gastrointestinal tract. The anti-
depressant effects of Lactobacillus rhamnosus administration in healthy mice were
abolished following vagotomy’’. Anxiety-like behavior induced by DSS colitis was also
dependent on the vagus nerve’. Further, treatment with Bifidobacterium longum during
DSS colitis did not reduce anxiety-like behavior in vagotomized mice, identifying a critical
role for afferent vagal stimulation in bacteria-mediated changes in behavior. On the other
hand, the CNS transmits signals to the intestine through the efferent fibers of the vagal
nerve. These neurons control intestinal motility, release of neurochemicals and the
intestinal immune environment. Specifically, vagal nerve stimulation has been suggested
to attenuate inflammatory responses through the neurotransmitter acetylcholine'?,
raising the possibility that the immunomodulatory properties of probiotic strains like
Lactobacillus and Bifidobacterium may be dependent on the vagus nerve. However,
protection from DSS colitis conferred by L. rhamnosus and Bifidobacterium infantis was
observed in both control and vagotomized mice'’, suggesting that gut-brain
communication via this pathway may depend on specific bacterial strains and the
inflammatory context. The precise role of intestinal microbes and vagal nerve activity in

the gut-brain communication require additional studies.

Neuroendocrine Pathways
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It has long been appreciated that biochemical changes in the brain can also lead to
changes in gut physiology. One of the main pathways by which this occurs is the
hypothalamic-pituitary-adrenal (HPA) axis. In response to physical or psychological
stress, hormones released from the hypothalamus, pituitary and adrenal glands
collectively influence multiple organ systems to allow the host to adapt to their
environment. For example, activation of the stress response through CRF acting through
the alterations autonomic nervous system innervating the gut[47] and the HPA axis can
lead to changes in intestinal permeability!3".132.133,134.135 = mqtility136.137 and mucus
production’813°  These events contribute to alterations in indigenous bacteria
composition as demonstrated in mouse models of early-life and chronic stress’®140,
Activation of the HPA axis has also been shown to impact immune cell responses.
Glucocorticoids released by the HPA axis have profound anti-inflammatory properties on
innate and adaptive immune cells but can also stimulate pro-inflammatory responses
under certain conditions®:'#1, It is conceivable that increased intestinal permeability and
systemic dissemination of microbial-derived products following stress could lead to
enhanced pro-inflammatory responses that further stimulate the HPA axis. Stress-
induced behavioral abnormalities may occur in a microbiota-dependent manner’®.
Although maternal separation results in elevated serum corticosterone levels and
increased acetylcholine release by the colon in both GF and conventional mice, it
triggered anxiety-like behaviors only in conventional mice. Furthermore, maternal
separation in conventional mice was associated with intestinal dysbiosis. Similar to host-
derived neuroactive molecules, neuronal signaling pathways, these findings the idea that

gut-brain communication not only involves microbial modulation of brain function but also
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the reverse: CNS-induced changes in intestinal biology and indigenous bacteria
composition. Future research should investigate the precise mechanisms, including
communication through the immune system, that control bidirectional gut-brain

communication.

Therapeutic manipulation of the microbiota

Preclinical studies have established a critical role for intestinal microbes in modulating
behavior and CNS biology. Therefore, the gut microbiota is an intriguing target to develop
therapeutics for multiple CNS disorders (Table 1). Examples of approaches to manipulate
the microbiota include administering probiotic strains beneficial to CNS health, eliminating
CNS-detrimental strains using selective antibiotic cocktails, using formulated diets (or,
prebiotics) that alter gut microbial communities and perhaps target specific metabolic
pathways in the microbiota. Although human studies using these methods are scarce,
preliminary evidence suggests that probiotic therapies improve mental health. In one
study, healthy female participants given a fermented milk product with four probiotic
strains including Bifidobacterium, Strepcoccus, Lactobacillus and Lactococcus for four
weeks had altered brain activity in regions that control emotion and sensation providing
a proof of concept that a microbiota-gut-brain axis is operational in humans'42. Consistent
with these findings, healthy human volunteers given a probiotic formulation of
Lactobacillus and Bifidobacterium for 30 days had reduced measures of psychological
distress'#3. To date, there are only a few reports suggesting that antibiotics can impact

brain function#+145, However, there is a significant correlation between nutrition and brain
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health'#®. For example, a ketogenic diet is a high-fat, low-carbohydrate diet used to
effectively treat refractory epilepsy’’, although the mechanisms are currently unknown.
Since diet has been demonstrated to significantly influence host physiology through gut
microbial communities'#81491%0 " future studies should dissect whether diet-induced
cognitive effects are dependent on microbiota composition and microbiota-induced
immunological changes. Collectively, microbiota targeting offers a promising therapeutic

strategy for the treatment of multiple CNS disorders.
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Pathology type Condition A iated microbiota ch Refs.

Autoimmune disease Multiple sclerosis Increased: Methanobrevibacter, Akkermansia 135
Decreased: Butyricimonas
Increased: Desulfovibroneceae 136
Decreased: Lachnospiraceae, Ruminococcaceae
Increased: Pseudomonas, Mycoplana, Haemophilus, Blautia, Dorea 137
Decreased: Parabacteroides, Adlercreutzia, Prevotella
Increased: Streptococcus, Eggerthella 138
Decreased: Clostridia clusters X1Va and 1V, Bacteroidetes, Faecalibacterium
Increased: Ruminococcus 139
Decreased: Bacteroidaceae, Faecalibacterium
Neurodegenerative Parkinson’s disease Increased: Blautia, Coprococcus, Roseburia, Proteobacteria 140
disorders Decreased: Faecalibacterium, Prevotellaceae
Decreased: Prevotellaceae 105
Enterobacteriaceae correlate with motor impairments
Alzheimer's disease Association with bacterial and viral infection 141
Injury Spinal cord injury (SCI) SCI with upper motor neuron bowel syndrome: decreased Pseudobutyrivibrio, Dialister, 142
Megamonas
SCI with lower motor neuron bowel syndrome: decreased Roseburia, Pseudobutyrivibrio,
Megamonas
SCI with neuropathic bladder: increased Klebsiella, Escherichia, Enterococcus 143

SCI with neuropathic bladder: decreased Lactobacillus, Corynebacterium, Staphylococcus,
Streptococcus, Prevotella, Veillonella

Neuropsychiatric conditions Major depressive disorder  Decreased: Bifidobacterium, Lactobacillus 144
Increased: Actinomycineae, Coriobacterineae, Lactobacillaceae, Streptococcaceae, 86
Clostridiales, Eubacteriaceae, Lachnospiraceae, Ruminococcaceae, Erysipelotrichaceae
Decreased: Bacteroidaceae, Rikenellaceae, Lachnospiraceae, Acidaminococcaceae,
Veillonellaceae, Sutterellaceae
Increased: Enterobacteriaceae, Alistipes, Acidaminococcaceae, Fusobacteriaceae, 145
Porphyromonadaceae, Rikenellaceae
Decreased: Bacteroidaceae, Erysipelotrichaceae, Lachnospiraceae, Prevotellaceae,
Ruminococcaceae and Veillonellaceae
Faecalibacterium negatively correlated with depressive symptoms

Anxiety disorder Probiotic administration of B. longum and Lactobacillus helveticus decreased anxiety 146

Probiotic administration of Lactobacillus casei, Lactobacillus acidophilus, L. rhamnosus, 147
Lactobacillus bulgaricus, Bifidobacterium breve, B. longum, Streptococcus thermophilus and
Bifidobacterium lactis decreased anxiety

Autism Increased: L bacillus, Desulfovibrio, Clostridium, cluster 1 148
Decreased: Bacteroides/Firmicutes, ratio
Increased: Sutterella 149
Increased: Clostridium, Bacteroides, Porphy , Pr lla, Pseud , Aer 150
Enterobacteriaceae
Decreased: Enterococcus, Lactobacillus, Streptococcus, Lactococcus, Staphylococcus,
Bifidobacteria
Increased: Lactobacillus 151
Decreased: Prevotella, Coprococcus, Veillonellaceae
Increased: Sutterella, Lachnospil Rumi 152
Increased: Lactobacillus 153
Decreased: Bifidobacterium, Entera
Increased: Bacteroidetes, Proteobacterium 154
Decreased: Actinob ium, Bifidobacterium
Increased: Clostridium clusters | and |1 155

Table 4: Reported alterations in the gut microbiota in neurological and psychiatr