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> Brain-Gut-Microbiome Axis

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

> Health and Disease
» ‘Mind altering microbes’

» Anxiety, Depression, s [ it & 255 25,
Stress and Cognition

» Tryptophan availability and metabolism

» Translational implications and opportunities for
intervention?




Brain-Gut-Microbiome Axis
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Environment dominates over host
genetics in shaping human gut microbiota

Daphna Rothschild"*, Omer Weissbrod*, Elad Barkan"**, Alexander Kurilshikov®, Tal Korem', David Zeevi'-,
Paul I. Costeal?, Anastasia Godneva!, Iris N. Kalka'?, Noam Bar!2, Smadar Shilo'-2, Dar Lador!?, Arnau Vich Vila®4,

Niv Zmora®*’, Meirav Pevsner-Fischer®, David Israeli®, Noa Kosower'~, Gal Malka'~, Bat Chen Wolf'?, Tali Avnit-Sagi'~,
Maya Lotan-Pompan'?, Adina Weinberger'-, Zamir Halpern’-?, Shai Carmi'®, Jingyuan Fu®", Cisca Wijmenga™'?,

Alexandra Zhernakova®, Eran Elinav®§ & Eran Segal’“§
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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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It's a gut feeling: How the gut microbiota affects the state itertacing
of mind http://apc.ucc.ie

Adam 1. Farmer, Holly A. Randall and Qasim Aziz
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Gl microbiota over lifetime

http://apc.ucc.ie
Firmicutes . Bacteroidetes (
. Vermucomicrobia . Proteobactaria YOUNG HEALTHY ADULT . HEALTHY ELDERLY

. ELITE ATHLETE |
@ ~cirobacteria () Other (  FRAIL ELDERLY

@

INFANT

! : : VoL s
A d8 | Microbial |55 ey £
) S

Diversity

R R e N RTINS
Birth
Prenatal Infancy Childhood Adolescence Adulthood Ageing

Cryan and Dinan, J Physiology 2017

Inflammation
Stress response Immunosenesence
Immune development




Microbiome
Ireland

{Weeks)

23 32 40 2

s & Microbiota stability 8 eQ: <%> "3

Prenatal Infancy

Neuronal complexity through the lifespan

S

Synaptic density

e — e B [ | e —— f—
Stages of brain development Age of onset of mental disorders
ADHD
INeuronal migration Schizophrenial
" Axonal and dendritic growth
Programmed cell death Mood disorders

Synaptogenesis Impulse-control disorders
LG
tic refinement

Process modelgng'ls

TRENDS in Molecutar Medicine

Borre et al., Trends Molecular Medicine 2014



http://apc.ucc.ie

Infection studies

(R

Anxiety Depression Pain Cognition

Behaviour

X
Eal

Clarke et al., Encyclopedia Metagenomics 2013



Microbiome
Ireland

http://apc.ucc.ie

Conventional

Germ-free =~ Germ-free colonised

. : e Auce .. . e T, e ee: ama weny w8 W weeks after ih ey FeceRes
Figure 2. Reyniers’s isolator; (1) technician, (2) electrical outlet, (3) air TS TR T had Sl the (e oMt When David Stanped !a:-':"’...'.“.‘:.u Rapiid Spokesminn Sa5E
: X s —— ity T e S TITE G isaed hia mother and. it SSnea, DI Sxcamay
outlet, (4) mobile truck, (5) entrance/exit autoclave, (6) viewing port. e i et ovar twn wecks ar. 1SV ThE loVing warmth of & e Teat i (S bt e doval
. . . i . : sor_tha"joyeus memunt Whew Davig  Muman touch. P g plos Sod vaes ety
Source: ]. A. Reyniers, P. C. Trexler, and R. F. Ervin, “Rearing Germ-Free it Hiases B Brodker i o e 10, e Jiteing occurzed and couid et b
Albino Rats,” LOBUND Rep. 1 (1946): 1-84, 5. © University of Notre Dz R e L T et e e A i N e
/ ats, LOBUND Rep. 940): 1=64%, D ‘niversity ot Notre Dame. around Al o r;;:';&mggegngm: ;;;;; G homes that Gra s ha S e ,.,,1,_,;,,5;3::;:&;;;,:::; pp. trmay
. . . . <1 sa Houst uched - - Y lea Wan most Ilnpl"
Reprinted with permission. 1’-3:,;';5;;.‘;':-,',:3.‘-,,’;',-'“ has mov- B pRLSed (hrOUER A AIFIDCK (00 the  THG o 10 medicine.
I I Sonegaed %,
oy detcan, ‘.':‘.’:’f.&“m‘“"' mw_ David initialty spent most of hia time  tion of a lm':ln:;y co i Bty
. . . . Ty o G A B s S
WO~ T OO Sades o .
Kirk, R, Bulletin of the History of Medicine, 2012 Br% Tt TR S TR " uer e sens spemcing ot g vy et S i s, S
e e, weeks o

o e R H gy e D iy e T e S A B i
lm-nnu g~yur—ol¢ telephone. He cons-umuy Eot hu h-‘h ’I"M tnmrsn was schoduled for s:un

- of hib babbie smce "‘u."“".:.":ﬂ.’?..“i."o&".‘ Eﬂ"“’ I L ha TR D ate the hospite sa,



Stressors

Microbiome
Ireland

Year One.

India’s missing middle class
l h e Teenagers: less alcohol, more angst

E C 0 n 0 nl i S t Who is the king of Wall Street?

The frustrations of physics

One year old

Is the Trump presidency really this bad?




Microbiota Controls Stress Response a“’

http://apc.ucc.ie

(/i

J Physiol 558.1 (2004) pp 263-275 263
2584
.. Postnatal microbial colonization programs
the hypothalamic-pituitary-adrenal system
— BBy '] =
£ for stress response in mice
=3
1084
Nobuyuki Sudo'2, Yoichi Chida', Yuji Aiba®#, Junko Sonoda', Naomi Oyama', Xiao-Nian Yu',
se;  Chiharu Kubo! and Yasuhiro Koga®
'Department of Psychosomatic Medicine and *Departnent of Health Care Administration & Management, Graduate School of Medical Sciences,
Kyushu University, Fukuoka, Japan, ' Department of Infectious Diseases, Tokai University School of Medicine, Isehara, Kanagawa, Japan and* Wakamoto
Dhnvsnrnntinral i0a Tid Mk wsncli Voamanaus Tanas
A
ACTH Corticosterone
ACTH Corticosterone (pg/ml) (ng/mi) )
(pem) (ng/mh) —o— spF 3001 200 - O SPF
80 -
- :60‘ —o— GF 250 ) S W GF
) oot N 1501 N @ Bifidobacterium
150, 120 ‘§| N EPEC
. o VIS VL
“ ] 100- N/ 3
N/ 50- 1
50 4 40 §ﬁ ;§
4 Y \
I\ S 2 S\ S 04 %%
0 30 60 90 120 0 30 60 90 120 Leaict
Time (mn’ Tme (m'\) VQJ VL UL,y 1T 1INV U

W




Microbiota Determines Amygdala Volume

Microbiome
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opean Journal of Neuroscience

Adult microbiota-deficient mice have distinct dendritic morphological I this 15508 ~]
changes: differential effects in the amygdala and hippocampus —==
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Signalling Along the Brain-Gut-Microbiota axis
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Behavioural Brain Research 277 (2015) 32-48

Contents lists available at Sciencelirect

Behavioural Brain Research

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

Review

Serotonin, tryptophan metabolism and the brain-gut-microbiome axis @thm
S.M. O'Mahony®"1, G. Clarke®%*!, Y.E. Borre?, T.G. Dinan®¢, J.F. Cryan?."
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Microbiota Regulates Tryptophan Metabolism

@ Molecular Psychiatry (2013) 18, 666 —673 : .
& 2013 Macmillan Publishers Limited Al rights reserved 1359-4184/13 i:/lapc.ucc.ie

WL nature .commp

ORIGINAL ARTICLE
The microbiome-gut-brain axis during early life regulates the
hippocampal serotonergic system in 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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with the development of stress-
Induced despair behavior

Published: 07 March 2017 :
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: Suna Onengut-Gumuscu®, Emily Farber®, Martin Wu*, Christopher C. Overall’?,
Jonathan Kipnis%%3* & Alban Gaultier%3*
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Indigenous Bacteria from the Gut Microbiota
Regulate Host Serotonin Biosynthesis

Jessica M. Yano,' Kristie Yu,' Gregory P. Donaldson,” Gauri G. Shastri,” Phoebe Ann,’ Liang Ma,” Cathryn R. Nagler,”
Rustem F. Ismagilov,* Sarkis K. Mazmanian,' and Elaine Y. Hsiao'+"*
'Division of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA 91125, USA

“Divizion of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, USA

“Department of Pathology and Department of Medicine, |
*Correspondence: ehsiac@caltech.edu
http//dx.dol.org/10.1016/ .cel 2015.02.047
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Gut Microbiota: The Link
to Your Second Brain

Vanessa Ridaura’2 and Yasmine Belkaid!2"
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Roles of Indole as an
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Signaling Molecule

Jin-Hyung Lee,' Thomas K. Wood,* and Jintae Lee'
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Microglial control of astrocytes in response to
L] L L
microbial metabolites
Veit Rothhammer', Davis M. Borucki', Emily C. Tjon', Maisa C. Takenaka', Chun-Cheih Chao', Alberto Ardura- Ifabregat"’r.
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Metabolite molecules produced by the gut’s microbes activate immune cells in activation
the brain called microglia, which signal to astrocyte cells to mediate responses to
inflammation in the central nervous system.
Microgllia —
HARTMUT WEKERLE microglia inhibits inflammation in the CNS.
¢ TGF-a ‘ i
g — g x v 2 P

TGF-a
Nucleus — ONA




Summary ape

httn-//lanc 1ice i

[Central Nervous System

| Presynaptic - "
INeuron y
i = 1
- = ,’il"-nACh-R
- & i3

Gut Microbiota _ . -

|
|
|

. Jp Werogia  EHANA
|
|
|
|

Cell o Astrocyte
3-HK (KYNA) /
= m o / LN
(LTRBI L) LKYN (LTRB)L) LKYN y
. ?
- . /
| Periphery l 1 /
@oj PN i [) SHANA ) 60D,
‘Tm L-KYN
Indole s,(?g;r;;ln § ’m /
|.é.a“s"t.l:;;;;.t;.s"t:"‘-;'l.};;’c‘t’"""""”"""""v .............. ; ......................................... ]

, Gors |
|

I

2 I

Kennedy et al., Neuropharmacology 2017



Microbiome

Translational Research afﬁ

http://apc.ucc.ie

Lorson I

LW

Annals of Epdemiology xxc (2016} 1-7

Contents lists available at ScienceDirect

Annals of Epidemiology

El Sl ITER journal homepage: www.annalsofepidemiology.org

Review article

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

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

*Alimentary Pharmabionc Centre, APC Microbiome Institute, University College Cork, Cork, Irefond
‘  Department of Peychiary and Neum behavioural Science, University College Cork, Cork, frefand
J S Department of Anatormy and Neuroscience, University College Corke Cork, Ireland

_ _ Cryan et al., Trends in Pharmacol. Sci. 2002
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Differential effects of psychotropic drugs on microbiome composition
and gastrointestinal function
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ORIGINAL ARTICLE
Antipsychotics and the gut microbiome: olanzapine-induced
metabolic dysfunction is attenuated by antibiotic administration
: in the rat
i KJ Davey'?, PD Cotter'?, O O'Sullivan'?, F Crispie®, TG Dinan'*, JF Cryan'” and SM O'Mahony'~
i;’ m Psychopharmacology (2012) 221:155-169 ’
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ORIGINAL INVESTIGATION

Gender-dependent consequences of chronic olanzapine
in the rat: effects on body weight, inflammatory, metabolic
and microbiota parameters

Kieran J. Davey - Siobhain M. O’Mahony - Harriet Schellekens « Orla O*Sullivan -
John Bienenstock « Paul D. Cotier « Timothy (. Dinan « John F. Cryan
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Psychobiotics:
Timothy G. Dinan, Catheri

Here, we define a psychobiotic as
suffering from psychiatric illness. As
such as gamma-aminobutyric acid {
psychobiotics possess antidepressa
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syndrome, where positive benefitg
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Mood, Food, and the New Science
of the Gut-Brain Connection
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Elie Metchnikoff (1845-1916))
Nobel Prize 1908
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e \', § Psychobiotics
—m’ W

Adrenal Cortex Gut Pathogens




Brain, Behavior, and Imimunity o (2010 ) X—x0x

- ‘ = 3 = BRAIN,
Contents lists available at ScienceDirect REHAVIOE
amd IMMUNITY
e

Brain, Behavior, and Immunity .:,:,; ==
i

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

Full-length Article

Lost in translation? The potential psychobiotic Lactobacillus rhamnosus

(JB-1) fails to modulate stress or cognitive performance in healthy male
subjects

John R. Kelly *°, Andrew P. Allen*°, Andriy Temko ©, William Hutch ¢, Paul ]J. Kennedy ?, Niloufar Farid °,

Eileen Murphy *, Geraldine Boylan®, John Bienenstock ', John F. Cryan *%, Gerard Clarke *”,
Timothy G. Dinan®"*
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Archival Report i

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
DOI 10.1007/5002 13-014-3810-0

ORIGINAL INVESTIGATION

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

Kristin Schmidi « Philip J. Cowen « Catherine J. Harmer «
George Trortzis - Steven Errington « Philip W. J. Burnet
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Kao et al. Transiational Psychiatry (201 B)&:66

DOl 10.1038/541398-018-0116-8 Translational Psychlatry

ARTICLE Open Access

Prebiotic attenuation of olanzapine-
induced weight gain in rats: analysis of
central and peripheral biomarkers and gut
microbiota

Amy Chia-Ching Kao', Sonia Spitzer', Daniel C. Anthomy”, Belinda Lennox@' and Philip W. J. Burnet'
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Fig. 1 Effect of B-GOS" (0.5 a/kg/day) ingestion and olanzapine
(10 mg/kg/day) administration on weight gain in adult female
rats. Animals ingested B<GOS'7 days prior to, and throughout the 2-
week administration of olanzapine. a Percentage weight gain was
calculated from the day before olanzapine administration. b Area
under the curve analysis. Results are expressed as mean +SEM for
each group (n = 6); *p <005, compared to the saline/olanzapine
group




Let food be thy medicine  9f<

Microbiome
Ireland

Trarslational Research
224 Sandhuet al January 2007

Feeding The microbiota-gut-brain axis:
diet, microbiome, and neuropsychiatry

CromiaMark

c.ucc.ie

Nutritional medicine as mainstream in psychiatry (A()

CrassMark

Jerome Sarris, Alan CLogan, Tasnime N Akbaraly, G Paul Amminger, Vicent Balanzd-Martinez, Marlene P Freeman, Joseph Hibbeln,
Yutaka Matsuoka, David Mischoulon, Tetsuya Mizoue, Akiko Nanri, Daisuke Nishi, Drew Ramsey, Julia | Rucklidge, Almudena Sanchez-Villegas,
Andrew Scholey, Kuan-Pin Su, Felice N Jacka, on behalf of The International Society for Nutritional Psychiatry Research

Psychiatry is at an important juncture, with the current pharmacologically focused model having 3(111&\ ed modest  Lancet Psychiatry 2015
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The Real Science
Behind What We Eat

Professor Spector's son Tom spent 10 days eating only McDonald's

liom Baocial suppont
Group
mEBaseline g 3 month
Fig. 2 MADRS scones for dietary support and social support control groups at baseline and endpoint. Effect size; Coben’s d=-1.16 {85% O -1.73, <059,
Baseline data n=67; 12 week datan=55
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REVIEW & OPEN ACCESS

Fecal microbiota transplantation in metabolic syndrome: History, present
and future

P. F. de Groot®, M. N. Frissen (22 N. C. de Clerca® and M. Nieuwdorp®><?
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European consensus conference on faecal reland
microbiota transplantation in clinical practice htp://apc.ucc.ie

OPEN ACCESS
Giovanni Cammarota,’ Gianluca laniro," Herbert Tilg,* Mirjana Rajili¢-Stojanovié,?
Patrizia Kump,” Reetta Satokari,” Harry Sokol,® Perttu Arkkila,” Cristina Pintus,®
Ailsa Hart,® Jonathan Segal,? Marina Aloi," Luca Masucci,”' Antonio Molinaro, "
Franco Scaldaferri, Giovanni Gasbarrini," Antonio Lopez-Sanroman,'”
Alexander Link,* Pieter de Groot," Willem M de Vos,>'® Christoph Hégenauer,*
Peter Malfertheiner,™ Eero Mattila,'’ Tomica Milosavljevi¢,"® Max Nieuwdorp,'# ">
Maurizio Sanquinetti,"' Magnus Simren,”” Antonio Gasbarrini," The European FMT
Working Group

Box 1 Key issues to select potential donors at the preliminary interview

INFECTIOUS DISEASES
» History of, or known exposure to, HIV, HBV or HCV, syphilis, human T-lymphotropic virus | and Il, malaria, trypanosomiasis,
tuberculosis

» Known systemic infection not controlled at the time of donation

» Use of illegal drugs

» Risky sexual behaviour (anonymous sexual contacts; sexual contacts with prostitutes, drug addicts, individuals with HIV, viral
hepatitis, syphilis; work as prostitute; history of sexually transmittable disease)

» Previous reception of tissueforgan transplant

» Previous (=12 months) reception of blood products

» Recent (<6 months) needle stick accident

» Recent (<6 months) body tattoo, pierdng, earring, acupuncture

» Recent medical treatment in poorly hygienic conditions

» Risk of transmission of diseases caused by prions

» Recent parasitosis or infection from rotavirus, Giardia lamblia and other microbes with Gl involvement

» Recemt (<6 months) travel in tropical countries, countries at high risk of communicable diseases or traveller's diarrhoea

» Recemt (<6 months) history of vaccination with a live attenuated virus, if there is a possible risk of transmission

» Healthcare workers (to exclude the risk of transmission of multidrug-resistant organisms)

» Individual working with animals (to excdude the risk of transmission of zoonotic infections)

Gl, METABOLIC AND NEUROLOGICAL DISORDERS
» History of IB5, IBD, functional chronic constipation, coeliac disease, other chronic Gl disorders
»> Hrstm'_r.r of chmnp::, systemrc autoimmune dksorders with Gl involvement

» I-ftstory of rueumtogtcaunewodegenerame disorde
» History of psychiatric conditions
Owverwveight and obesity (body mass index =25)

DRUGS THA VIICROEBIOTA COMPOSITION
» Recent {<3 munths]l exp-n-sufe to antibiotics, immunosuppressants, chemotherapy
» Chronic therapy with proton pump inhibitors
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Improvement of Insulin Sensitivity after Lean Donor
Feces in Metabolic Syndrome Is Driven by Baseline
Intestinal Microbiota Composition

Graphical Abstract Authors
Ruud S. Kootte, Evgeni Lewin,
Jarkko Salojarvi, ..., Ernk S.G. Stroes,

Albert K. Groen, Max Mieuwd orp

Correspondence
. mieuwdorp Earmc. ueas nl

In Brief

Kootte et al. show that fecal microbiota
transplantation from kean donors to
obese patients withh metabolic syndrome
improves insulin sensitivity, a transient
effect associated with changes in
microbiota composition and fastimg
plasma metabolites. Bassline fecal
microbiota composition in recipients
predicts the response to lean donor fecal
microbiota transplantation.

B

Highlights
e Lean donor FMT in obese metabolic syndrome patients Sreptococem pamsang s
improves insulin sensitvity

= Beneficial effects of lean dnn@ are trans@

e lmprovement in insulin sensitivity is inked to changes in
plasma metabolites

e Response to lean dﬂnc@'ﬁ driven by basaline @ Ceastrigum soovgenes Esbostarhim roctals

microbiota composition
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Early Life Factors

Ireland

ACTA PAEADIATRICA c.ucc.ie
Acta Pdiatica 55N 0803-5253

Priming for health: gut microbiota acquired in early life regulates
physiology, brain and behaviour

G Clarke (g.darke@uccie)’™* SM O'Mahony'™*, TG Dinan'?, IF Cryan'”

1.Alimentary Pharmabiotic Centre, Uiniversity College Cork, Cork, ireland
2Depanmment of Paychiatry, University College Cork, Cork, Ireland
I Departrment of Anatomy and Neuroscience, University College Cork, Cork, Ireland

Wiy words ABSTRACT

Behaviour, Brain Development, Breastfeeding Early The infant gut microbiome is dynamic, and radical shifts in composition occur during the
Ll Minoiotn first & years of life. Disruption of these developmental patierns, and the impact of the
Corre spondence . ) microbial composition of our gut on brain and behaviour, has atiracted much recent

G Qarke, Department of Psychiatry Alimentary . . i b A . . hof 1

Phamakiofic Centre; 1.1 5 Biosciences. natiute: attention. Integrating these observations 1s an important new research frontier.

University College Cork, Cork, Ireland.

Conclusion: Early-life perturbations of the developing gut microbiota can impact on the
Tel +353 214 901 408 |

central nervous svstemn and potentiallv lead to adwerse mental health outcomes,

Drug Discovery Today+ Volume 17, Numbers 9/10+May 2012
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Can we vaccinate against depression?

Graham A.W. Rook’, Charles L. Raison? and Christopher A. Lowry®



» Gut microbiota is both stress-susceptable
and can regulate stress response

» Regulates behaviours and physiology
relevant to neuropsychiatric disorders

brain

> Tryptophan availability/Kynurenine ..|& .
metabolism

> Translation to clinic?

» Microbial-based strategies for the Kelly et al., Frontiers
. Neuroscience 2017
treatment of stress-related disorders?
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Pope Francis To Award Sainthood To All
Microbiome Researchers
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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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‘The depression started when
I realised how much I was
spending on yoghurts’

e Dall Mail, London Sept 2011
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