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Talk outlines

. The gut-brain axis

Il.  The microbiota: a forgotten organ

IIl. The crosstalk between the microbiota and
the gut nervous system

IV. The impact of the microbiota upon the
brain health and diseases



Two organ at the center of evolution and our
lives...

Survival (reproduction) and adaptation of organisms to their environment
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The gut : the first organ in evolution

Hydra (cnidaire) Nematode Mollusk



The gut : the first organ in evolution

LETTER

doi:10.1038/nature21072

Meiofaunal deuterostomes from the basal Cambrian
of Shaanxi (China)

Jian Han', Simon Conway Morris?, Qiang Ou®*, Degan Shu' & Hai Huang®




The gut : the first neurological organ in
evolution o

¥
&

Hydra (cnidaire)




Co-evolution between gut and brain

Gar D
Cyclostome Shark Necturus Turtle Chicken = Pig




The gut and brain: two connected organs...

Direct connection :
via nerve (Vagus,..)
Indirect connexion:
via blood

Limbic

Brainstem

Hypothalamus (satiety ; food
uptake)

Hippocampe (memory) ;
Amygdala (agressivity ; fear)



The gut and brain : two organs connected to...
our environment . — . (D

Environment (microbiota ;
nutrients ; polluants,...... )

We are at the image
of our food,
microbiota...

10



Talk outlines

. The gut-brain axis

Il. The microbiota: a forgotten
organ

Ill.  The crosstalk between the microbiota and the
gut nervous system

IV. The impact of the microbiota upon the brain
health and diseases
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Microbes : contributors of health and
diseases...

Charles-Emmanuel Sédillot
(1804-1883)

FELLOW
TRAVELLERS ;%;

Louis Pasteur Elya Metchnikov

(1825-1885) (1845-1916) 12



The gut microbiota and its evolution during

life

Eucaryotes 1013

Bacteria
1,2 1013
500-1000 species

Human genome

. 23,000 genes
Human microbiome - g

1,000,000+ genes

formula-fi

Diversification

Formuleinfantile

Allaitement ( '
maternel

Unborn

solid food

alimentaire

Baby

healthy

Toddler

Adult

Elderly

uais

65 to 80 years

©

>100 years

7 Firmicutes

¥ Bacteroidetes

B Actinobacteria
N Proteobacteria
others

13



The microbiota of our organs

(-I?serm
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| Skin

Commposition
largely
clepencent
on body part

Wiruses

[ Bacteriophages
Bl Eukaryotic viruses

Fungi

_,
|

Aspergillus
Candida
Cladrosporium
Malassezia
Others

Saccharomyces

Bacteria
Actinobacter
Bacreroidete
Cyanobacter
Firmmicutes

Fusobacteria

Froteobacter

HERECE

rormyces

Mature Reviews | Irmmurmo boogy
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Microbiota : actors of our health during life

uais




Without microbiota the beginning of life is

harrlor

A€

Intestin without microbiota Intestin with microbiota

- Carm-fres mlcs o tianally raioed oo

T Micus thicknean |
ATt T e T |

Iratemneirial
E cpithelial coll

Tt il

=====

B oo

Bondiritie ol anrn w

Toa - praducing |
. =il i

Macpherson and Harris, Nat rev Immunol., 2004
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but without microbiota we also live longer...

A %

« Germ free mice have longer life expectancy (protected
* ot from inflammation associated ageing)

« Cohabitation of germ free mice with aged mice (but not
young mice...) increases systemic inflammation
associated with ageing....

« Age assciated alteration in microbiota composition can
be reduced by inhibiting host synthesis of TNF-a

Thevarajan et al.,, Cell Host Microbes, 2017
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Incidence of Immune Disorders (%)

The microbiota: actor of the development of chronic

diseases

400 Crohn’s
disease
Multiple ,
300 - scleros:s:,
"
‘J
= P Type 1
200 diabetes
,."' o] “Asthma
100 4= . 4 - v .
1950 1960 1970 1980 1990 2000

Bach et al.,N Eng / Med, 2000
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Chronic diseases: are they also (in part) transmissible /
infectious diseases?

eSmpes ane )

Increased adiposity

uais

(—(\Zl?serm

Microbiota Recipient mice
transplant

Ridaura et al Science 2013
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Dysbiosis vs eubyosis: loss of diversity/richness of the microbiota at the

center of chronic diseases?

a Immunological equilibrium

Swmbiorts Commensals

Pathobionts

e Ty} —X-— X
e e W s W e =2 e L
l y. )
Regulation I £ I'\.I‘.
b Immunological dysequilibrium Pathogens
5 '—"-_TTE—E [—1 %
%ﬁ_ =Sa.
ESot— =
Y
/\‘ b ¥
F 1 e
—— . h i .
1 Regulation Y. h -

@erm
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Rich and balanced
bacterial communities

\ L

Mormal Immune system

ragulatory T codls
g

Poor and unbalanced
bacterial communities

Round and Mazmanian Nat Rev Immunol 2009
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What causes the shift from eubiosis to
e
dysbiosis: @

Host genetics Lifestyle Early colonization Medical practices
Mutations in Diet Birth in hospitals Vaccination use

| NOD2, IL23R, - E Altered exposure Antibiotic

"L ATGI6L and IGRM e to microbes % Hygiene

Round and Mazmanian Nat Rev Immunol 2009
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The gut microbiota: novel source of therapeutical targets in the
prevention/treatment of chronic diseases?

A flourishing ...is devastated Left alone, weedy p
: Inserm

after antibiotics. species run wild!
@ s uoi13

nw ,-f_l peTiie

Probiotics Prebiotics Bacteriotherapy

(seed good microbes) (promote good microbe growth) (transplant ecosystem)
-—‘ E 5% . —.' o ) F :;.

R . A ¥

Unsolved problem:
which strategies
restore ecosystem
fastest, most reliably,
and best for a given

individual? Lozupone et al Nature 2012
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Microbiota transplant: regenerative

medicine?

THELANCET,OCTOBERS,1983

RELAPSING CLOSTRIDIUM DIFFICILE
ENTEROCOLITIS CURED BY RECTAL INFUSION OF
HOMOLOGOUS FAECES

SIR,—~Recurrent Closeridinm difficile associated enterocolitis is
uncommeon bur troublesome for the patient. The patient described
here received vancomycin treatment several rimes but always
relapsed  with € difficile enterocolitis 2—3% weeks after
discontinuation of treatment.

A 65-year-old woman with a lifelong history of irritable colon also
had diverticulosis of the colon and diverticulitis of increasing
severity. A partial colectomy was done to remove the diseased

G2
Inserm

The NEW ENGLAN D
JOURNAL o MEDICIN E

uais

ESTABLISHED IN 1212 JANUARY 31, 2013 VOL, 368 N0, 5

Duodenal Infusion of Donor Feces for Recurrent
Clostridium difficile

1 Neod, M.D., Anne Vrieze, M.D., Max Nieuwdorp, M.D., Ph.D., Susana Fuentes, Ph.D.,
Erwin G. Zoetendal, Ph.D., Willem M. de Vos, Ph.D., Carcline E. Visser, M.D., Ph.D., Ed J. Kuijper, M.D.,
Joep FW.M. Bartelsman, M.D., Jan G.P. Tijssen, Ph.D., Peter Speelman, M.D., Ph.D
Marcel G.W. Dijkgraaf, Ph.D., and Josbert J. Keller, M.D., Ph.D

W "k ® Multidonor intensive faecal microbiota transplantation for

CrossMark

active ulcerative colitis: a randomised placebo-controlled trial

Sudarshan Paramsothy, Michael A Kamm, Nadeem O Kaakoush, Alissa | Walsh, Johan van den Bogaerde, Douglas Samuel, Rupert W L Leong,
Susan Connor, Watson Ng, Ramesh Paramsothy, Wei Xvan, Enmoore Lin, Hazel M Mitchell, Thomas J Borody

Summary

Lancet 2017;389:1218-28 Background The intestinal microbiota is implicated in the pathogenesis of ulcerative colitis. Faecal microbiota

Published Online

transplantation is a novel form of therapeutic microbial manipulation, but its efficacy in ulcerative colitis is uncertain.

February 14, 2017 We aimed to establish the efficacy of intensive-dosing, multidonor, faecal microbiota transplantation in active

http:/fcbe.dol.org/10.1016/

S T S ulcerative colitis.

Ph.D.,
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The microbiota — gut — brain axis

Limbic
System

F— - ?

BN
Brainstam * y

We think with our
microbiota...

Microbiota / nutrients

24



Talk outlines

V.

The gut-brain axis

The microbiota: a forgotten organ

The crosstalk between the
microbiota and the gut nervous
system

The impact of the microbiota upon the brain
health and diseases
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The functions of the gastrointestinal tract
1- Motility ((Pm

uais

30 tons of food
50 tons liquids

2- Absorption of nutrients/minerals/electrolytes




Our gut In motion...
Transport (peristaltism) Segmentation @m

uais

— ——

27



He can do it without the brain

Copyrighi Lehrsto i
Fidr Mumanhbhiologi=
T Miadnchemn




..without its own bra
Sy

N

: the enteric nervous

/



The enteric nervous system

)
Inserm
uoi13

NOS : Nitric oxide synthase

VIP : Vasoactive intestinal peptide
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Postnatal gut

Origin and development of the ENS

Mouse embryo

{a)

Goldstein and Burns, Clinical Genetics, 2012
Heanue TA, Pachnis V, Nat. Rev. Neurosci12007

Nyshiyama et al., Nat Neuroscience, 2012



The post natal period: a key period for
building a brain in the gut... =

%o ChAT/Hu
o« o o
P
== 3

] 10 20 30
P1 P21 Age (Postnatal day)

de Vries et al., Am J Phys, 2010

P21 P36

Le Berre Scoul et al., J Phys, 2016
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Gut microbiota contributes to the building of
the enteric nervous system...

Ievsmm

SPF

il ©F 75
® -
& s0
E 25 |
2
0

SPF o !.‘:F

Collins et al., Neurogastroenterology Mot, 2013
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Gut microbiota contributes to the building of
the enteric nervous system...

Ievsmm

SPF

| I GF

.
GF+flore ) E
y =
L
X

»

F
R ————
]

SPF | E-F ASF

Collins et al., Neurogastroenterology Mot, 2013
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The enteric nervous system helps bacteria to educate the gut
Immune system

(—(\Zl?serm

uais

Yiassachar et al., Cell,£077



Talk outlines

. The gut-brain axis
ll.  The microbiota: a forgotten organ

IlI.  The crosstalk between the microbiota and the
gut nervous system

IV. The impact of the microbiota
upon the brain health and
diseases
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The microbiota — gut — brain axis

Limbic
System

. - ?

= .{'.{"'
Brainstem ™ A

We think with our
microbiota...

Microbiota / nutrients
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The gut microbiota modulates our behaviour

uais

e . SPF

.&F-. .“.:' GF

Lack of microbiota increases exploratory behavior
Diaz Heijtz et al. PNAS 2011
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The gut microbiota modulates our behaviour
) Step-down latency ~ Total time in light @

300
_ 3001 P01, Ps0 G | U913
‘ . W & b mzm_ T
2 2001 27| 1
i i : |
@ 1001 @2 100
0 . 0

] Control M Oral ATM B 2 wks post ATM

Increase exploration and reduces anxiety

BONF- hippocampus BOMNF- amygdala
807 R e —
£ 60 § 18 P=.01
& =
1.27
o 40 5
201 0.4-
0

=

Step down test

Bercik et al., Gastroenterology, 2011



‘Transplantation’ of behaviour via feces.

BALB/C NIH Swiss
o X" ]
Shy and anxious Agressive

m——) Shy and anxious

Microbiota Recip
transplant

Germ free

- EE)  Agressive

Germ free Bercik et al Gastroenterology 2016
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A single bacterial strain can reduce anxiety and depression in
mice

)
Inserm
uoi13

Open field Forced swim test
(“anxiété) (dépression)
&
0 e [ i:g MGt
a E E 751 * * : " L. thamnosus (JB1)
0§ - 9 XX
"65 501 EE_‘IZG -
g & o 8
2 weeks +/- probiotic ‘é O 2 £ 0
(L rhamnosus) g DU-—i i 0

Bravo et al., PNAS, 2011
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Effects of L. rhamnosus are mediated by vagus

uais

Open field - Forced swim test
@ 40- g — . _
2 * 3 280 % N
301 = =
s — 3 210 \
=
e 21 £ 1405 \
il my LN
- 1 o ]
2 2 \
0 E 0 N\
L Rhamnosus - + - + L Rhamnosus - + - +
Vagotomy ) ) + + Vagotomy - - + +

+/- probiotic
(L rhamnosus)
+/- vagotomy Bravo et al., PNAS, 2011
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A single bacterial strain (Bifidobacterium longum NCC3001)
administration reduces anxiety in humans

]
—
—
—
Lt
—
-
—

b
a4
el

Before treatment
After treatment

All brain regions

All brain regions

Pinto Sanchez et al., Gastroenterology, 2017



Fermented milk products reduces fear
induced activation of brain regions

Control

%.....
c o
e O
£ 0
L 0
x e
= D
O
2o
o
:'\--"

©
o
=
o
-
-
=
@
£
]
-
—_

Tillisch et al., Gastroenterology, 2013



Are brain diseases also diseases of the gut (and microbiota)?
Example 1: neurodegenerative diseases (Parkinson’s disease)

Substancia Nigra

= Motor symptoms
(rigidity; tremor; instability)

Mouth
Paaling of salive and

i 3
- . probienms with Mmoveirests = produgtian, DUt oW
a_synucleln ressded 10 Drush teeth Fwaiowing Trequancy
£ar SSNsR contE = AR Ing.
eyEhrcton, Mot eftects £y
CHUSE W romos. Pharmx
Qmopna al
agus dyspraga mreaees
Syrplons of kool asgiration,
ceophageal
cysphagin ncluce Stomach
sicw cescphageal impsired gastiic
rani, segmendal Emptying
1t spas, {gastaparesisy
sponteneous | ) N Ll cmuse nausen,
cordmactions of bloatirg.
PrOvinal CeROnNAgLE, watiety, And waig
ir tmppg, s,

Enteric nervous system e e

a-synuclein Pfeiffer, Ann Neurol, 2013

PD risk for patients with less than 1 stool/d

Nbre « : 5
2T 4.1 4.5

Risque

Lebouvier et al., PlosOne, 2010 :
relatif
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Gut microbiota enhances PD pat holog

SPE-

A spr Abx

B I ..
B
‘\ | >
/ e Abx treatment Ty
Thyl-haSyn SN
Neurotrace aSyn inclusions Phospho-aSyn

Parkinson mice
\ GE_ 5-6wks ‘ Ex-GF

Q2 — —
™ Colonize  Motor testing -

Tissue collection

Tima (o cross (8]

Tima to cross (&)

Feces PD patients 5PF  Ex&F  Sampson et g}, Cell 2016



Bacteria producing amyloid peptides induces

ECOrlwieuropathological hallmark of PD

T

Mut Curli E. Coli Curli E. Coli

Striatum

\\.l.j-. .,_-l.' J | “t |
Extracellular functional amyloids: curli \‘ Eké,({

Biofilm formation/host colonization

Disordered
Peptides

Gavage once weekly for 2-3
months with E Coli +/- curli

Evans et al., Mol Cell 2015 Chen et al., Scient Rep., 201647



Isolating the gut from the brain reduces the risk of developping
Parkinson’s disease

= omparson cohort
======Patients undergoing trucal vagotomy

B

L

%]

Control
N=66171

Cumulative risk of Parkinson’'s Disease (%)

"y
1

- Vagotomy
N=5339

0 5 10 15 20 25 30 35
Years since truncal vagotomy/index date

Svensson et al.,Annals of Neurol 2015
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Are psychiatric also diseases of the gut (and microbiota)?
Example 2 : Autism

Nb of digestive Children Age-matched
Symptoms

: symptoms*/ child  with ASD siblings
» Diarrhea - - T
. 19. .
» Bloating
 Constipation 1 16.4 18.2
« Abdominal pain 2 i a5
* Reflux
3 25 64% 45 11%
>=4 14.7 2.3

Horvath and Perman, Current Opinion in Pediatrics (2012)

6-GSI vs. total ATEC

"

QO F KN W DN Y S

r T T T 1
1975 1985 1995 2005 2014
SOLIRCE EMENEX a £S WEINTRAUR 2011 W

Index de sévérité
gastrointestinale (6
items)

o

20 40 &0 a0 100 120 140
total ATEC

Adams et al. BMC Gastroenterology 2011

Score TSA (4 items)



Autism is associated with altered gut permeability and
microbiota composition » qut permeability

(fold change)
il .

N
L

Pregnant mice

AN g @g Progeny
. L
I S P
Immune activation > 7 stereotyplc behavior \ Dysbiosis

(viral mimic: poly (I:C)) >\ social interactions

-
1

g
A o
FITC intensity/ml serum

o
|

Bacteroidia et
Clostridia

Proteobacteria

Hsia et aI.,Ceélé 2013



Reinforcing intestinal barrier with a probiotic prevents in part
autistic symptoms

Pregnant mlce @ r) / "!.-.,"..Ji -l ..J! o=

bactero:des fragilis

g (ant: -inflammatory effects) S P P+BF

Immune activation . i
. .. N stereotypic behavior
(viral mimic: poly (I:C))

Marble burying '5_-._7-.;—__-._ ;J

Restauration of
intestinal pemeability

(fold change)
T et e ey

FITC intensity/ml serum

C 504 I

Hsia et al.,Cell, 2013 S 101

S P P+BF 51



Conclusion Perspectives: Maintaining/restauring gut health to prevent
and/or treat chronic diseases

HEALTH CHRONIC DISEASES
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Maintaining/Prevention Restauring/Treatment
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Conclusion Perspectives: Maintaining/restauring gut health to prevent
and/or treat chronic diseases
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Conclusion Perspectives: Maintaining/restauring gut health to prevent
and/or treat chronic diseases

Immobility time (s)

Violle et al. Nut Neuroscience 2017

Ulva armoricana

* N\ Gram-positive and Gram-negative bacteria growths
» /7 intestinal epithelial cell innate response

Berri M et al., J Appl Phycol 2016
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Single bacteria (L. fermentum) modulate gut brain axis
response to stress

Bacteria increases exploration

200

L fermentum

-
(4]
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