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Living in a Microbial World....

Microbiome

Microbiome

IN NUMBERS

1 00 Tri I I i o n more microbes than

symbiotic microbes live in and on every there are stars in the

person and make up the human microbiota mllky way *
5 / "
of our microbiota is located in the Gl tract

150:1,.

The genes in your microbiome outnumber the
genes in our genome by about 150 to one

Microbiome
Ireland

The human body has The microbiome is more

medically accessible

and manipulable than the
human genome
Itis

thought that

%

of disease can be linked in some
way back to the gut and health of
the microbiome

5:1

Viruses:Bacteria
in the gut microbiota

The number
of times
[ your body’s

microbes would circle the earth
if positioned end to end

The surface area

of the Gl tractis You have
the same size

2 tennis courts1 3
EY ey

1 more microbes than human cells

Number of different m|crob|a| species that researchers
have identified living in and on the human body

// \

Each individual has a unique /f'\
gut microbiota, as ,//) )
personal as a fingerprint 7

The gut microbiota can
weigh up to 2Kg

%?\

&

Interfacing Food & Medicine

http: //apc ucc.ie

‘
Bacteriome
R

Euvirome

Protozome




GOOD HEALTH

by Gut Feelings ape

Intetfacing Food & Medicine

http://apc.ucc.ie

> Brain-Gut-Microbiome Axis

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

» Health and Disease
» Preclinical Research/Signalling Pathways

» Implications for mental health

» Translation from bench to bedside and moving
towards mechanisms?

» Therapeutic opportunities?
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Grenham et al., 2011

Birth



GODD HEALTH
AND WELL-BEING

> Gl microbiota over lifetime

Microbiome
Ireland

Firmicutes . Bacteroidetes g
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Diversity
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Birth
Prenatal Infancy Childhood Adolescence Adulthood Ageing

Cryan and Dinan, J Physiology 2017

Inflammation
Stress response Immunosenesence
Immune development
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Behind What We Eat = :

e Factors Defining the Gut Microbiome am
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Host Genetics
Geographical Exercise

location
A i

a b

iotics

|

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

Gastric secretion .I/. t) ,{Lg

Antimicrobial peptides & Gastric motility
IgA

Clarke et al., Pharmacological Reviews 2019
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= & | Microbiota stability 8 %;d . S A
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Prenatal Infancy
Neuronal complexity through the lifespan

BT T

Synaptic density

e — e B | | e —— o
Stages of brain development Age of onset of mental disorders
ADHD
" Neuronal migration Schizophrenia®
["Axonal and dendritic growth
Programmed cell death Mood disorders
Synaptogenesis Impulse-control disorders
‘Myelination

Pracess modeling/synaptic refinement

TRENDS in Molecutar Medicine

Borre et al., Trends Molecular Medicine 2014
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Maternal microbiota in
pregnancy and early life

The maternal microbiota shape offspring development,
including susceptibility to some illnesses

By Braedon McDonald® and
Kathy D MeCoy?

remains the subject of debate. In support of
this, a recent study found that the human pla-

Effects of the maternal microbiota in pregnancy and early life
Through effects on early-life colonization, immune development, and neurcdevelopment, the maternal
microbiota regulates susceptibility to a number of childhood illnesses and can vertically transmit
dysbiosis-mediated pathologies.

Maternal microbiota Fetal immune Seeding Early-life immune
Vaginal, intestinal/fecal, and gut mucosal ear ly-life development and
breastmilk, skin microbes development microbiota neurcdevelopment

Susceptibility to childhood
illnesses including

Breastmilk infections, asthma, obesity,
Matemal microbes, and neurodeve lopmental
nutrients, disorders

antimic robial

peptides

r Intestines
Metabolites———==s

‘ Microbiota

Transplacental
signals from the
maternal microbiota

Vertical transmission of maternal
vaginal and fecal microbes
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” Al'tiCle Nature | Vol586 | 8 October 2020 | 281

The maternal microbiome modulatesfetal Microbiome
neurodevelopmentinmice

https://doi.org/10.1038/s41586-020-2745-3  Helen E. Vuong'=, Geoffrey N. Pronovost', Drake W. Williams?, Elena J. L. Coley', Emily L. Siegler’,
. Austin Qiu’, Maria Kazantsev', Chantel J. Wilson', Tomiko Rendon’' & Elaine Y. Hsiao'
Received: 23 July 2019

Accented: 24 Auaust 2020

a

Animal startled
Metabolites Cortex Thalamus by loud sound
from maternal ‘

gut microbes
| '/- | Behavioural
| Internal tests later
' B in life
capsule
Axon of
r 9

neuron
Normal development Animal removes
of mouse embryonic brain adhesive tape
b
Decreased startle
Absence of ; | upon loud sound
metabolites “d7
from maternal || 4.
gut microbes ~
\\ —
Abnormal development Delay in tape
of mouse embryonic brain contact and
removal

Meckel and Kiraly, Nature 2020
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i Mode of delivery
Mode of nutritional provision Conmteas Vaginal
Breast-
feeding forrm.la

re-probiotic

smplemem l

\

Neuroscience 342 (2017) 37-54

REVIEW

EARLY-LIFE ADVERSITY AND BRAIN DEVELOPMENT: IS THE
MICROBIOME A MISSING PIECE OF THE PUZZLE?

S. M. O'MAHONY, “** G. CLARKE, ““ T. G. DINAN"* AND
J. F. CRYAN *** ;

I
Maternal infection I ‘
Maternal disease  Maternal stress Environmental Antibiotics

TRENDS in Molecular Mediche

Borre et al. Trends Mol Med 2014
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Enduring Behavioral Effects Induced
by Birth by Caesarean Section in the Mouse

Livia H. Morais,”** Anna V. Golubeva,'* Gerard M. Moloney,"* Angela Moya-Pérez,” Ana Paula Ventura-Silva,’

Silvia Arboleya,” =" Thomaz F.S. Bastiaanssen,’* Orla O'Sullivan,”-* Kieran Rea,” Yuliya Borre,' Karen A. Scott,’"!
Elaine Patterson,’'% Paul Cherry,” Roman Stilling,"'# Alan E. Hoban,'*"* Sahar El Aidy,""* Ana M. Sequeira,’

Sasja Beers,' Rachel D. Moloney,”'® Ingrid B. Renes,>" Shugui Wang,” Jan Knol,>" R. Paul Ross,’-* Paul W. O'Toole,'
Paul D. Cotter,'-* Catherine Stanton,’-* Timothy G. Dinan,"- and John F. Cryan'%17."
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Neurobiology of Stress

journal hamepage: http://www.journals.elsevier.com/neurobioclogy-of-stress/

A novel role for maternal stress and microbial transmission in early @cmmm
life programming and neurodevelopment

Eldin Jasarevic, Ali B. Rodgers, Tracy L. Bale’

Departrment of Animal Biology, School of Veterinary Medicne, University of Pernsyivania, Philodephio, PA 19104, USA

Environmental perturbation — o \i
stress, infection, and antibiotc

l::‘—‘\
treatmant—during pragnancy B 9
alters maternal microbiota i SN
Y 3
\ ;
AN A
Maternal transmission . \/
of disrupted microbiota
during parturition
Diet and probiotic e o
based approaches ARered ey yin 2
ouring early ke may gutinfluences farmentation, digestion
modulate miczobiome and absorption of metabolites
composition, metabolic
function, and
raurodevelopment
Disrupfion of
gut derived
metabolites T
may alter earty -~ Y
neurodevelopment t//
o A2
v'." b~ B ; f}/
v % |
Symbionts 0 Beonsaial motaboktos
Key
N Pathcticnts @) Dwrimartsl mataboites
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|dentifying a biological signature of
prenatal maternal stress

James M. Keane,' Ali 5. Khashan,?? Fergus P. McCarthy,** Louise C. Kenny,® James M. Collins,"*
Sarah 0'Donovan,’ Jillian Brown,' John F. Cryan,'® Timothy G. Dinan,"” Gerard Clarke,"*”
and Siobhain M. 0'Mahony'®

High perceived

Stress, Anxiety & B 4. . . stress durlng
\ Depression pregnancy
Elip i T associated with
Systemic Inflammation % 104 m |-:=I m = FI increased
P e KR . . gastrointestinal
Altered Gut P bility Week 15 Week 20 il
ere(scma,e:g:a o permeablllty
: ~ and increased
'5 ‘g‘,,m inflammation
Gut-Brain Axis Dysfunction ¢

Wesek 15

3 Low Scoring B8 Moderate Scoring B High Scoring
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The brain-gut —(microbiota) axis

Basic Functions

Permeability

Stress

s

HPA axis
CRH
ACTH

Cortisol

Allered Lryptophan

metabelism Vagus Nerve

Clarke et al., Pharmacological Reviews 2019

/
am
Microbiome

http://apc.ucc.ie

Complex Functions

Visceral Pain

Hunger/

satiety

Mood/
Emotion
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Antibiotic studies

Faecal transplantation studies

Probiotic studies

Infection studies

(R

Anxiety Depression Pain Cognition

Germ-free studies Behaviour

Y

Clarke et al., Encyclopedia Metagenomics 2013
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Conventional

Germ-free = Germ-free colonised

s parents
w transplant from hi
e. using a proce

been Impossible t
N.'ednre wlthol!l his co

O —

. Wnmam Snearer, sa touay at &
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OBESITY AND CANCER

We may finally know what

the connection is

THE WELL- BEHAVED HIGGS

why thatisa

problem for physics
FIRE AND ICE

Is this the Arctic’s worst
year ever?

WEEKLY August 15-21,2020

CORONAVIRUS

WHY CONTACT
MATTERS

The surprising impact of social interactions
on our health, wealth and happiness

WHO GETS THE VACCINE?

The difficult decisions that are already being made

PLASTIC PANDEMIC

When protection equals pollution

PLUS ANCIENT POISON ARROWS / SNOWBALLS ON JUPITER /
ZOMBIE MICROBES /A VACCINE FOR THE COMMON COLD/
LONG-NECKED MONSTER / BIRTH AFTER THE MENOPAUSE
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Corticosterone

. Tt
Germ-free animals
have an
exaggerated stress
r1 | response
Ad;gz@ o Baseiine Siess
Clarke et al., Mol Psych 2013
B Soniomro Probiotic Reduces
|| Control/L.rhamnosus (JB-1) .
Stress/L.rhamnosus (JB-1) Stress-induced
300+ .
2 Corticosterone Levels
8T 200
w E ###
§ ? 100 &
5 \
© 0 — AN Bravo et al., PNAS Sept 2011




Microbiota Determines Amygdala Volume

Microbiome

& Dendritic Morpholo
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a)
Adult microbiota-deficient mice have distinct dendritic morphological L
changes: differential effects in the amygdala and hippocampus
Pauline Luczynski’, SeanO. Whelan®,
Colette O'Sullivan®, Gerard Clarke'?, . ) of

1 i " i 1.2 uropean Journal o
Fergus Shananan’, Timothy G. Dinan Neuroscience ARTICLE TOOLS
and John F. Cryan™* )

Accepted Article (Accepted, P8 Cet PDF (1274K)

DOl 10.1111/ejn. 13201 unedited articles published
online and citable. The final

edited and typeset version of

Save to My Profile

E-mail Link to this Article

record will appear in future.) ‘i‘ Z:;_. _:it::::ize:; this Article C
T ] cc
"E . . GF
Dendritic Hypertrophy of £
B 021 * %
Basolateral Amygdala Neurons £e
- 0.1+
g
< g0 . :
LA BLA CehA

Control Germ-free
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Impaired immun€e
1 Colonic development

innervation & ¢

Tfransit time
5*‘ X

O shr
TNeuronaI / o
precursors No microbiota-

produced (@)
7 5-HT, no Amygdala o)
~ neuroprotection 1 Stubby,immature %
dendrites o
Alte_red . \//, - Splicing, miRNA, mRNA Z
anxiety-like changes D

behavior Hippocampus

) %T Neurogenesis
R | Dendritic branching

. .- Changes in hippocampal
TSS2.-" RNA and miRNA

Prefrontal Cortex

Social Impairment
Conventional

ypothalamic-Pituitar
Adrenal Axis Hyperactivi
Hypothalamus

Alttered myelination

- Altered hormone
and gene expression

Adrenocorticotropin-
releasing hormone l e
Pituitary gland

\ coni ribsterone-releasing l

\ hormane Adrenal gland
—— 4 1 Corticosterone
Corticosterone

release | Neuroinflammation

Drug Discovery Today: Disease Models

Spichak et al., Drug Dis Today 2019
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&

ACTH
Co;{isol
d AN

Allered Liyptaphan
metabolism

Vagus Nerve

Ntered host stress
hormones
(neracdkenaline)

**(2/100g portion)

Atersdgut 551

microbiota N

s = Pl — LN

Clarke et al., Pharmacological Reviews 2019
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Behavioural Brain Research

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

Review

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

|

Behavioural Effects CNS Effects It

Visceral pain Motor control

Emotion Circadian rhythm

Stress response Cerebellar regulation

Appetite Body temperature

Addiction CNS vascular tone

Sexuality

COOH COOH
seallnvsallige e
N B\ 2
N N
H S— H H
Try . ydroxy M Serotonin
S tryptophan (5-HT)

|
\

\

Gl Effects

ML R
LTI
UM

I

B -

Gastric secretion

Gastrointestinal motility “‘R l \ 1 - .
Intestinal ti . . . -
e e “Of course you feel great. These things are loaded with antidepressants.

Pancreatic secretion
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o Microbiota Regulates Tryptophan Metabolism

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

WAL nature ooy mp

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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% Smart Microbe 1 100% NHNNR

Psychobioti
sychobiotics P Prebichc

Probiotic
Diet

Fecal microbiota transplant

Host |
Metabolism

[ Serotonin ]

[ Kynurenine ]
Metabolism { —— ]

o B
Microbial Regulation of Tryptophan -_

Germ Free

Kennedy et al., World J Gastro 2014 Gheorghe et al, Unpublished data
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Signalling Along the Brain-Gut-Microbiota axis
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Stress

HPA axis

& ¥ C: > "{9 éj::? p/ (-
st iy s
CRH o e rcwo“ Y I
A
Altered Lryptophan AC.TH SCFAs
metabelism 2 Vagus Nerve '
Cortisol ataatooteeffsfotenfutanfuiin]
d AN Acetate | 6D-70% ]}
Butyrate O =
P=AN -
Appetite
3 Acetat = s
Ookinet / » Proc?oi::te Stress & Anxiety
O / P [ ———> Visceral Pain
Butyrate .
Mtered host stress O = Immune function
hormanes O ||
(nerackenaline) 7 /
. G
Altered gut
microbiota
3 e e

Clarke et al., Pharmacological Reviews 2019
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_»»\/¥ Short-chain fatty acids: microbial metabolites that alleviate Microblome
stress-induced brain—gut axis alterations *

http://apc.ucc.

Marcel van de Wouw!2 (&, Marcus Boehme?, Joshua M. Lyte?, Niamh Wiley*>*, Conall Strain®*,
Orla O’Sullivan®*, Gerard Clarke*?, Catherine Stanton>%, Timothy G. Dinan*? and John F. Cryan"*>

IDepartment of Anatomy and Neuroscience, University College Cork, Cork, Ireland
2APC Microbiome Ireland, University College Cork, Cork, Ireland

3 Department of Psychiatry and Neurobehavioral Science, University College Cork, Cork, Ireland
*Teagasc Food Research Centre, Moorepark, Fermoy, Cork, Ireland
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Time (min) Cryan et al., Trends Pharmacol Sci, 2002
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ARTICLE
Colon-delivered short-chain fatty acids attenuate the cortisol

response to psychosocial stress in healthy men: a randomized,
placebo-controlled trial

Boushra Dalile (', Bram Vervliet?, Gabriela Bergonzelli®, Kristin Verbeke' and Lukas Van Oudenhove'

Faacabo LenrS iR e High SCFA dose ——e——pre-intervention
p < 0.035 —@- - post-intervention
p < 0.035
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Clarke et al., Pharmacological Reviews 2019
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ORIGINAL ARTICLE
Antipsychotics and the gut microbiome: olanzapine-induced

metabolic dysfunction is attenuated by antibiotic administration
in the rat
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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 *"
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Healthy status Stress/disease

Alterations in

Hefa"hy. 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., Frontiersin Physiology 2011

Physiol Rev 99: 1877-2013, 2019
Published August 28, 2019; doi:10.1152/physrev.00018.2018

THE MICROBIOTA-GUT-BERAIN AXIS
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The neuroactive potential of the human gut
microbiota in quality of life and depression

Mireia Valles-Colomer©'2, Gwen Falony'?, YoussefDarzi0?, EttjeF. Tigchelaar?, Jun Wang©'2,
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DISCOVERI The involvement of intestinal bacteria in gut-brain communication could help to explain the
mysteries of irritable bowel syndrome, but the search continues for definitive evidence.
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Early Life Factors
ACTA PADIATRICA

Acta Pzdiatrica 5SN 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, University College Cork, Cork, Ireland
2 Depanment of Paychiatry, University College Cork, Cork, Ireland
3. Department of Anatomy and Meuroscience, University College Cork, Cork, Ireland

Keywords ABSTRACT
Behaviour, Brain Development, Breastfeeding Early The infant gut microbiome is dynamic, and radical shifts in composition occur during the
Life, Microbacta first & years of life. Disruption of these developmental patterns, and the impact of the

ggxl;—ﬂ; ot P hrsten A i microbial composition of our gut on brain and behaviour, has atiracted much recent
H.lamat;m?&:;e; 1{_}1 5 ECMbwric; Ingnuwt::r attention. Integrating these observations is an important new research fronter.
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 system and potentially lead to adverse mental health outcomes.

Drug Discovery Today* Volume 17, Numbers 9/10 +May 2012
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Maternal Fecal Microbiota Transplantation in
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In Brief

A proof-of-concept safety study shows
that oral fecal transplantation can shift
the microbiome composition of infants
who are bom via cesarean section to a
profile that is more similar to those bom
via vaginal delivery.
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224 Sandhuet al

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

KIRAN V. SANDHU, EOIN SHERWIN, HARRIET SCHELLEKENS, CATHERINE STANTON,

TIRAATUY ~ MRIMAK ~emaAd SUAKE SRV A K

Nutritional medicine as mainstream in psychiatry Ww®

CrossMark

Jerome Sarris, Alan C Logan, 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 achieved modest Lancet Psychiatry 2015
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Targeting the perinatal diet to modulate the gut microbiota
increases dietary variety and prebiotic and probiotic food
intakes: results from a randomised controlled trial

Samantha L Dawson'?* @, Mohammadreza Mohebbi?, Jeffrey M Craig?#,
Phillip Dawson®, Gerard Clarke®” 8, Mimi LK Tang” '? and Felice N Jacka' 111213

4 SL Dawson et dl.
n Gestation period Birth Postpartum period
1
Baseline ! Follow-up
Week 26 Week 31 Week 36 | Week 4

Set dietary goals (intervention group)

Dietary workshop v
Support calls v v

Dietary assessment

Short-term diet (SDQ) v v v v
Longer-term diet (DQES) v v
Dietary advice received v v v v
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ARTICLE Open Access

Enduring neurobehavioral effects induced by
microbiota depletion during the adolescent period

Gilliard Lach®'®, Christine Fiiling’, Thomaz F. S. Bastiaanssen(®", Fiona Fouhy'~, Aoife N. O' Donovan'~?,
Ana Paula VenturaSilva', Catherine Santon'~, Timothy G. Dinan'~ and John F. Cryan®'~

Brain, Behavior, and Immunity 87 (2020) 666678
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Full-length Article

Adolescent dietary manipulations differentially affect gut microbiota

composition and amygdala neuroimmune gene expression in male mice in [ &
adulthood

Christine Fiilling™', Gilliard Lach®'~, Thomaz F.S. Bastiaanssen™*, Fiona Fouhy™",
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» Promising preclinical and clinical research
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> Regulates behaviours and physiology relevant to oot
psychiatry across the lifespan
Depression
W
» Increasing translational efforts ‘i
» Mechanistic insights and focus on causation [
> Fact or fiction: Expect some attrition along the gﬂ
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way Weed

» Microbial-based strategies for the treatment of
stress-related gut-brain axis disorders?
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