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> Brain-Gut-Microbiome Axis

THE HUMAN MICROBIOME PROJECT SAYS THE HUMAN BODY
HAS 100 TRILLION MICROSCOPIC L1FE FORMS LIVING IN IT.

> Health and Disease
> ‘Mind altering microbes’

> Anxiety, Depression,

Stress and Cognition

> Tryptophan availability and metabolism

» Translational implications and opportunities for intervention?



Brain-Gut-Microbiome Axis
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Healthy status Stress/disease

Alterations in

Hefalthy. CNS behaviour, cognition,
unction emotion, nociception
Normal gut Abnormal gut
physiology function

Increased levels of
inflammatory cells/mediators
Intestinal dysbiosis

Physiological levels of
inflammatory cells/mediators
Normal gut microbiota

Grenham, Clarke et al., Frontiers in Physiology 2011

http:/lapc.ucc.ie



a ////
Signalling Along the Bram-Gut Microbiota axis V

Mood, cognition,

Hypothalamus emotion

CRF

Y
Pituitary

factH

Adrenals

Circulﬂ{iﬂn
— Cytulcines!

Immune

\:eus @

Tryptophan
metabalism

Enteric
muscles

%

= 2 gl Bl 150 1
G O|EY1 {) G'cf OTD an ¢ (8]

E theluum [
\.L-I"-'u'lfd.""-ﬂ'l "-I'-."I.ﬂJ.I'I LR .ﬁj."..’ LR ETIE T, HERRERRT T EEGES vindnannalssrinndanngials 1t G R '
J ey SCFAs

Gut

(t microbiota

& @% o — | Neurotransmitters |
i ry— |

Intestinal lumen

MNature Reviews | Neuroscience

Cryan and Dinan, Nat Rev Neurosci Oct 2012

http apc.ucc.ie



CRCRE=2

Prenatal
(sterile)

SRR

Grenham et al., 2011

Birth



Human

Genetics Shape

the Gut Microbiome

Julia K. Goodrich,™-2 Jillian L. Waters,'? Angela C. Poole,’2 Jessica L. Sutter,"? Omry Koren,'-%27 Ran Blekhman,'#
Michelle Beaumont,® William Van Treuren,® Rob Knight,*5® Jordana T. Bell,® Timothy D. Spector,® Andrew G. Clark,’

and Ruth E. Ley':%"

Monozygotic (MZ) Dizygotic (DZ)

MZ twins have a more similar
microbiota than DZ twins

Figure 1 | Factors that can influence the composition and function of the human gut microbiota.
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REVIEW ARTICLE

Microbiome

It’'s a gut feeling: How the gut microbiota affects the state ,
of mind http:/lapc.ucc.ie

Adam 1. Farmer, Holly A. Randall and Qasim Aziz
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NATURE REVIEWS | NEUROSCIENCE VOLUME 13 [ OCTOBER 2012 | 701

© 2012 Macmillan Publishers Limited. All rights reserved

Mind-altering microorganisms:
the impact of the gut microbiota
on brain and behaviour

John F Cryan'’2 and Timothy G. Dinan'-3
Abstract | Recent years have witnessed the rise of the gut microbiota as a major topic of
research interest in biology. Studies are revealing how variations and changes in the

Microbiota—gut—brain axis

Probiotic studies

Germ-free studies

Antibiotic studies

Faecal transplantation studies

M.
-




Germ-Free Living?
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Conventional

Figure 2. Reyniers’s isolator; (1) technician, (2) electrical outlet, (3) air
outlet, (4) mobile truck, (5) entrance/exit autoclave, (6) viewing port.
Source: J. A. Reyniers, P. C. Trexler, and R. F. Ervin, “Rearing Germ-Free
Albino Rats,” LOBUND Rep. 1 (1946): 1-84, 5. © University of Notre Dame.
Reprinted with permission.

Kirk, R, Bulletin of the History of Medicine, 2012
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Faecal transplantation studies

Infection studies

Anxiety

Depression

Pain

Cognition
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Clarke et al., Encyclopedia Metagenomics 2013
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The frustrations of physics
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J Physiol 558.1 (2004) pp 263-275 263
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Microbiota Determines Amygdala Volume
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EJ N European Journal of Neuroscience

Adult microbiota-deficient mice have distinct dendritic morphological I — -
changes: differential effects in the amygdala and hippocampus LT BsuE 2
Pauline Luczynski’, SeanO. Whelan®,

Advanced = Saved Searches =
Colette O'Sullivan®, Gerard Clarke'?,

Fergus o
and Jol Brain, Behavior, and Immunity 50 (2005) 208-220
DOI: 10
Contents lists available at ScienceDirect = BELEA T
and IMMUNITY
i
3 : o _ i
Brain, Behavior, and Immunity LY i
am &)
journal homepage: www.elsevier.com/locate/ybrbi

Microbes & neurodevelopment — Absence of microbiota during early life L‘!)Cmmk
Increases activity-related transcriptional pathways in the amygdala

Roman M. Stilling *™*, Feargal ]. Ryan®~', Alan E. Hoban *', Fergus Shanahan?®, Gerard Clarke *°
Marcus ]. Claesson **, Timothy G. Dinan®“, John F. Cryan™""
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Biglggi{;a| e8  Biological Psychiatry August 15, 2015; 78:67-29 www.sobp.org/journal

PSYChiﬂtrv Ebere S. Ogbonnaya
Gerard Clarke

Correspondence oy
Timothy G. Dinan

I John F. Cryan
Olivia F. O'Leary

Adult Hippocampal Neurogenesis Is Regulated by least significant difference post hoc test for group-wise

RESEARCH ARTICLE

BLOOD-BRAIN BARRIER

The gut microbiota influences blood-brain barrier
permeability in mice

Viorica Braniste,’*' Maha Al-Asmakh,'* Czeslawa Kowal,?* Farhana Anuar,’ Afrouz .ﬂnbb.':u'..pn:lurl,1
Miklés Toth,® Agata Korecka,' Nadja Bakocevic,* Ng Lai Guan,® Parag Kundu,’ Balazs Gulyas,>”
Christer Halldin,?* Kjell Hultenby,ﬁ Harriet Nilsson,” Hans Hebert,” Bruce T. Vulpe,s

BE MATURE NEUROSCIENCE ADVAMCE ONLINE PUBLICATION

Host microbiota constantly control maturation
and function of microglia in the CNS

Daniel Erny!!2, Anna Lena Hrabé de Angelis"!2, Diego Jaitin?, Peter Wieghofer!:?, Ori Staszewski', Eyal David?,
Hadas Keren-Shaul?, Tanel Mahlakoiv?, Kristin ]akuhshagmﬁ Thorsten Buch®, Vera Schwierzeck’,

Olaf Utermihlen®, Eunyoung Chun®, Wendy S Garrett®, Kathy D McCoy®, Andreas Diefenbach?,

Peter Staeheli®, Birbel Stecher!?, Ido Amit? & Marco Prinzb!!




Clin Chest Med 37 (2016} 333-345

Neuroanatomy and @) i
Physiology of Brain
Dysfunction in Sepsis

Aurelien Mazeraqd"‘-':-f, Quentin Pascal, bvm?,
Franck Verdonk®P®, Nicholas Heming, MD, PhD",
Fabrice Chrétien, MD, PhD?%%, Tarek Sharshar, MD, PhD*5%*

.

Mild
Meuroendocrine

Limbic system

Frontal cortex

Fig. 1. Schematic representation of pathophysiologic processes during sepsk-asociasted encephalopathy (SAE).
PTSD, postiraumatic stress disorder.
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Behavioural Brain Research

journal homepage: www.elsevier.com/locate/bbr

Review

Serotonin, tryptophan metabolism and the brain-gut-microbiome axis (!)mek
S.M. O'Mahony®"!, G. Clarke®%*!, Y.E. Borre?, T.G. Dinan®¢, J.F. Cryan®"F
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I(ynurenines Tryptophan’s metabolites
in exercise, inflammation, and

i T 1 L PR |

OPEN @ ACCESS Freely available online Jume 2011 | Volume 6 | Isue 6 | €21185 < PLoS one

An Observational Cohort Study of the Kynurenine to
Tryptophan Ratio in Sepsis: Association with Impaired
Immune and Microvascular Function

Christabelle J. Darcy'”, Joshua S. Davis'?*”

Tsin W. Yeo'2, Nicholas M. Anstey'2*

, Tonia Woodberry’, Yvette R. McNeil', Dianne P. Stephens?,

1 Gobal Health Division, Menzies School of Health Research and Charles Darwin University, Darwin, Morthern Territory, Australia, 2 Division of Medicine, Royal Darwin
Hospital, Darwin, Morthem Territory, Australia, 3 Intensive Care Unit Royal Danein Hospital Darwin, Northem Territory, Australia
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Microbiota Regulates Tryptophan Metabolism

facing Food & Medicine

@ Molecular Psychiatry (2013) 18, 666 —673 _
# 2013 Macmillan Publishers Limited Al rights reserved 1359-4184/13 izllapc.ucc.ie

whanw . nature . comfmp

ORIGINAL ARTICLE
The microbiome-gut-brain axis during early life regulates the
hippocampal serotonergic system i1n a sex-dependent manner

G Clarke™?, S Grenham’, P Scully”, P Fitzgerald', RD Moloney’, F Shanahan'~, TG Dinan™* and JF Cryan™*
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OFEN Microbiota alteration is associated

with the development of stress-
induced despair behavior
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Suna Onengut-Gumuscu®, Emily Farber®, Martin Wu*, Christopher C. Overalll?,
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Microbiota-related Changes in Bile Acid & Tryptophan Metabolism are
Associated with Gastrointestinal Dysfunction in a Mouse Model of Autism
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Stalin 'used secret laboratory to analyse

] L]
Mao’s excrement “For example, if they detected high levels of
By Steven Rosenberg amino acid Tryptophan," he explained, "they
BBC News
concluded that person was calm and

O 28 January 2016 | Asia approachable.”
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w
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Mao Zedong (L) and Josef Stalin (R) were the two most powerful leaders in the communist world at the
fime (two photos have been merged together to create this image)




Microbiome
Ireland
Interfacing Food &

http:/lapc.ucc.ie

Annals of Epdemiology xx¢ (20016) 1-7

Contents lists available at ScienceDirect

Annals of Epidemiology

journal homepage: www.annalsofepidemiology.org

Review article

Brain-gut-microbiota axis: challenges for translation in psychiatry

John R. Kelly MD*", Gerard Clarke PhD*", John F. Cryan PhD *¢, Timothy G. Dinan MD, PhD * "

*Alimentary Pharmabionc Centre, APC Microbiome Insotute, Urniversity College Cork, Cork, Irefand
" Department of Poychiatry and Neumbehovioural Science, Unfversity College Cork. Cork, Ireland
“Department of Anatomy and Neuroscience, University Colege Cork, Cork, Ireland

Cryan et al., Trends in Pharmacol. Sci. 2002

How to recognize the moods of an Irish setter

Gary Larson
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REVIEW
Psychobiotics:

Timothy G. Dinan, Catheri

Here, we define a psychobiotic as
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psychobiotics possess antidepressa
systems. So far, psychobiotics ha
syndrome, where positive benefits
emerging of benefits in alleviating
inflammatory actions of certain ps
scale placebo-controlled studies arg

.

Hypothalamus

Anterior
Pituitary

Adrenal Cortex

L S T TSR
aril proctieal mbvine oo the
pui-temin ey — paohaps

i il LG, B ol
sk B
ROE KHIGHT, petdeer of

Pl Newrr i

PSYCHTEBIOTIC

Immune System

REVOLUTION
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Targeting the Microbiota-Gut-Brain Axis:
Prebiotics Have Anxiolytic and Antidepressant-
like Effects and Reverse the Impact of Chronic
Stress in Mice

Aurelijus Burokas, Silvia Arboleya, Rachel D. Moloney, Veronica L. Peterson, Kiera Mumphy,
Gerard Clarke, Catherine Stanton, Timothy G. Dinan, and John F. Cryan

Prebiotic reverses consequences of chronic stress
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Psychopharmacology
DOL 10,1007 /500213-014-3810-0

ORIGINAL INVESTIGATION

Prebiotic intake reduces the waking cortisol response
and alters emotional bias in healthy volunteers

Kristin Schmidt « Philip J. Cowen - Catherine J. Harmer -
George Trortzis « Steven Errington « Philip W. J. Burnet
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Let food be thy medicine

Trarsiational Research
Januany 20017

224 Sandhuet al

Feedina the microbiota-aut-brain axis: ®
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Gut micrabiota

ORIGINAL ARTICLE

A randomised trial of the effect of omega-3
polyunsaturated fatty acid supplements on the
human intestinal microbiota

Henry Watson,' Suparna Mitra,® Fiona C Croden,® Morag Taylor,* Henry M Wood,*
Sarah L Perry,' Jade A Spencer,® Phil Quirke,” Giles J Toogood,® Clare L Lawton,’
Louise Dye,* Paul M Loadman,” Mark A Hull'

o Increase inaniety
Induce depression
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A randomised controlled trial of dietary L

improvement for adults with major
depression (the ‘SMILES’ trial)

Felice N. Jacka'**'™®1¥  Adrienne O'Neil'*, Rachelle Opie®'?, Catherine Itsiopoulos®, Sue Cotton®,
Mohammedreza Mohebbi’, David Castle™'’, Sarah Dash''>, Cathrine Mihalopmuloz". Mary Lou Chatterton’,
Laima Brazionis™®, Olivia M. Dean'*'#'3 Allison M. Hodge® and Michael Berk'#'%%
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Fecal microbiota transplantation in metabolic syndrome: History, present
and future

P. F. de Groot®, M. N. Frissen (% N. C. de Clerca? and M. Nieuwdorp*5<?

1990s
1989 Gordon user GF mice studies to
1983 Borocy putishas evabunte effects of marobiota on
case-series supgesting adywaight ard mustabalivs
1928 1958 Firss repart af  PMT fﬁn-;' in nees-
sudden waight  infactios dosace & f
WII Fiseman cures four  gan aftar F47 ! /
I'Ea;-:!“a;'w s i perudornenbranous. far COC ' | 2005
. ing discovers rrian solciers eat coftis patiets with Ly associatis diersnces in
Andrea Levy The PIGIf paniciiin came’s stooks againck 1957 Tecal enmmas * | QU microoisl compositon
4 dyzortary i Herth  Falkow treats y with wdight atatug in mice ™
Africa \ margery patianks
1917 N, with ‘taai piis’ " \
\

Taslation af £ e
Nissha [EcN) fiy
Higsle (1874-1065)"

1910

Tunbaugh proves ebesiby
o be 8 transmessble trait”
through FWT in mics ™

1erapy

Arumigem cescibes e
enkerotypes of the human
gt microhiamrs 17

ook an willusncing
Fuman Falth with gut
milcrehe fuppetian by
Metchnibkafi

(1845-1916) 7 \

Faudlin {1643-1712]

2012

Karlsenn shrws estimate of
- alicose contrel can be

predicted by mic-obiats

analysis

HEALTH

1681

2012

“an Leeumenhoek — ——— riaze shows FHT efficacy in

dancnbas prasaecs of inprong msulin sensitivity Thu rsdny. October 25, 2012
ok i ool in male metabalic syrdroms

patients ™

2013 ant | Life Society Culture
e Ridaura shows FMT can

A Promising N

First fecal transplantaton
in animals by Acquasandanta

By PAM BELLUCK OCT. 11, 2014 aas-daagys

snvironment | News Features | People |
16thc.

2015

T Zeevi mimgrates microbicts
COMPCEIET |1 COMpUTEr mossd
for personalized nuritog ™

Applications of fecal products
Tor systernic complairts by Ll
Shizmhn (1418-15931"

Phg, ==

15t recnids of FMT usa in ~. 2016 = ) =

Traditsanal Chinese Medicing U shows differentisl mécrobiots 1 | 4} +] E'hm 3 L= ._l <0

by Ge Hong (281 - 343)" wngrafiment to be depardent on dorar - =l
Future Prospects and re<ipiont microbicts. charactanistes'*

Ediridate mochanism of action
Adyanoas in cultiring possibiléies
Effectisate durnble engraftment:

nciine acal transplants?

-




www thelancet com/ gastrohep Vol 2 February 2017

Review

icc.ie

The role of the gut microbiota in sepsis

Bastioan W Hoak, W Joost Wiersinga
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Clinical Review & Education

JAMA | Review
Enhancing Recovery From Sepsis
A Review

Hallie C. Prescott, MD, MSc; Derek C. Angus, MD, MPH

Clinical Review & Education Review

JAMA January 2, 2018 Volume 319, Numbser 1
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Sepsis Recovery: Recognition and Management of Long-term Sequelas

Figure 2. A Conceptual Model of the Potential Network of Factors and Imteractions important to Determining a Patient's Clinical Course

and Long-term Outcome After Sepsis
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> Gut microbiota is both stress-susceptable
and can regulate stress response

> Regulates behaviours and physiology
relevant to neuropsychiatric disorders

> Tryptophan availability/Kynurenine
metabolism

» Translation to clinic?

> Microbial-based strategies for the treatment «elly et al., Frontiers
i N ' 2017
of stress-related disorders? euroscience
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Science news you won’t read nowhere else

Pope Francis To Award Sainthood To All
Microbiome Researchers

,:_;_"i?h f Facebook

o¥ Reddit

Vatican City - Pope Francis announced today that he was going to award automatic sainthood t

all microbiome researchers worldwide for “Doing God's Work".
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 Delineating the Neural Circuits Underlying Serotonin Modulation
of Fear and Anxiety.
 5-HT1F Receptor Agonists, The New Kids On The Block for Antimigraine Treatment.
= Serotonin Transport Proteins in Ecstasy: SERTS and OCTS in a Frenzy.
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-« Three Crucial Factors that Underpin 5-HT2CR Function: Location, Location, Location.
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‘The depression started when
I realised how much I was
spending on yoghurts®

he Daily Mail, London Sept 2011
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