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Introduction

* Similarities between the enteric nervous
system and central nervous system

—Link between brain and gut in brain-gut axis
disorders

Disorders of the brain-gut axis

—Stress during development

—Serotonin signaling abnormalities during
development

e |rritable bowel syndrome ( IBS)
e Autism

ENS: “The Brain in the Gut”
e Similar to CNS:

— complex integrated
circuits

— Several hundred
million neurons

— reflexes
— Same
neurotransmitters

e Factors that affect CNS
affect ENS

— Genetics

— Environment o
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Brain-Gut Axis and Defecation
Disorder

J Pediatr. 2015 Jun;188(6):1462.7.81. dok 101016/, jpeds. 2015.03.016.
A multi study on childhood ipation and fecal incontinence: effects on quality of life.
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Measuring Health-Related Quality of Life With the Parental Opinions of Pediatric Constipation Questionnaire.
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J Pediatr Gastroenterol Nutr. 2015 Oct;61(4):384-92. doi: 10.1097/MPG.0000000000000882.
Stressful Life Events in Children With Fi

Philips EM, Peeters B, Teeuw AH, Leenders AG, Boluyt N, SN, Benninga MA.

Brain-Gut Axis, Functional
Disorders and IBS

4 Acad touir Dist, 2014 Mar114(31:403-13. do 10.10164/and.2013.10.013. Epub 2013 Deg 18,

[Child and parent perceived food-induced gastrointestinal symptoms and quality of life in children with functional
lgastrointestinal disorders.

Garison aJ, Moore GE, Tsai GM, Shuiman RJ, Ghumpitazi BP:
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‘Symptom Profiles in Patients With Irritable Bowel Syndi or i inal Pain Ci With
Healthy Controls.

Vami JW', Shulman RJ, Self MM, Nurko S, Saps M. Saeed SA, Bendo CB, Patel AS, Dark CV, Zacur GM, Pohl JF; Pediatric Quality of Life Inventory
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# Author information

The American Journal of Gastroenterology 109, 1350-1365 (September 2014)

Effect of Antidepressants and Psychological
Therapies, Including Hypnotherapy, in
Irritable Bowel Syndrome: Systematic Review
and Meta-Analysis

Alexander C Ford, Eamonn M M Quigley, Brian E Lacy, Anthony J Lembo,

Yuri A Saito, Lawrence R Schiller, Edy E Soffer, Brennan M R Spiegel and
Paul Moayyedi

A Pediatr Nutr, 2014 7. dok: 10.1097/MPG.
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Hussain SZ', Hyman PE.
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Developmental Impact
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developmental and biological disruptions occurring
in the early years of life “

oscience 10, 434-445 JAMA. 2009;301(21]

Stress
Alters
the
Brain-
Gut Axis

Altered neural circuity in the gut-brain axis
in IBS

Nat Rov Gastrosnterol Hopatol, 2015 Oct;12(10):592-605. doi: 10.1038/nrgastr.2015.121. Epub 2015 Aug
Towards a systems view of IBS.

* Neuroimaging studies identify
key areas in CNS in IBS

¢ Salience network

— Intrinsic brain network
Brain: anxiety, poor coping
Gut: chronic abdominal pain, visceral
hypersensitivity, altered bowel habits

Extensive connections to hypothalamus
(amongst others)




fMRI & the Salience Network in Children

Excessive coupling of the salience network with intrinsic neurocognitive brain
networks during rectal distension in adolescents with irritable bowel
syndrome: a preliminary report

Xiaolin Liu,' Alan Silvers Mark Kern.* B. Douglas Ward," Shi-Jiang Li.' Reza Shaker,”
Manu d”

Brain responses to rectal distension similar between adolescents and adults with IBS
Excessive coupling of the salience network with the major networks
— emotion and pain perception

Reduced Functional Connectivity Between the Hypothalamus and
Cortex in Pediatric Patients with Irritable Bowel Syndrome
Manu R. Sood, Xiaolin Liul, Gisela Chelimsky, Douglas Ward?, Shi-Jiang
Lit, Reza Shaker?

IBS patients demonstrate reduced hypothalamus connectivity

= Disrupted hypothalamus functioning may contribute to IBS

Stress Impacts Brain
Development Similarly in

2014 Feb 15;87:403-15. dok: 10.1016/.neuroimage. 2013.09.050. Epub 2013 Sep 29.
Distributed BOLD and CBV-weighted resting-state networks in the mouse brain.

Neurcscience, 2014 May 16:267:252-62. do 101018 neuroscience.2014.01.084. Epub 2014 Feb B,

[ tivation of the rtex and stress and colorectal
distension in the maternally separated rat.

Felice VD', Gibney SM?, Gosselin RD?, Dinan TG%, OMahony SM*, Cryan JF'

Maternal Separation Impacts IBS

¢ Altered brain
signaling
— Enhanced stress
response
¢ Altered gut R B (

Maternal
Separation

function

— Colonic transit

— Intestinal
permeability

— Visceral
hypersensitivity

“Neuroimmunomodulation, 2006; ychiatry. 2009 Feb 1;65(3 stroenterology. 2002 Oct;123(4):1099-108; *Front. Psychiatry, 16 February 2015




Maternal Separation Results in Visceral
Hypersensitivity

—=— Non Separated
—0— M Separated

No of pain behaviours

Neurosc Lett, 2012 Mar 23;512(2):99-102

Environmental Stress and Development

toroi Mot 2013 Dec;25(12):6780-80, Gok 10.1111inmo, 12202 Epub 2013 Aug 21

ity to stress induced visceral hy
generations.
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Stress-induced visceral hypersensitivity can be transmitted across generations without further exposure
Maternal care crucial

Autism Spectrum Disorder (ASD)
PEDIATRICS
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Brain-Gut Links in ASD

* Genetic
* c-Met
* CHD8

* Serotonin

* Genetic
— SERT G56A (genetic defect in serotonin reuptake)
* Environmental

— Selective Serotonin Reuptake Inhibitors (SSRIs)
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c-MET as a Brain-Gut Connection in
Autism

4 Nourosci 2015 Aug 19,35(33):11543-58. dok 10.152INEURO SCI.5267-14.2015.

Hepatocyte Growth Factor and MET Support Mouse Enteric Nervous System Development, the Peristaltic
R and Intestinal Epithelial in R to Injury.

Avetisyan M", Wang H', Schill EM". Bery 82, Grider JR?, Hassell JA%, Stappenbeck T%, Heuckeroth ROP.

* MET variants more common in ASD
sion altered in the brains of
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that increases the risk for ASD

« distinctively associated with individuals
with ASD & Gl dysfunction

CHD8 Mutations Define a Subtype of
Autism in Early Development

Chromodomain Helicase DNA Binding
Protein 8

— Vertebrate early development

First mutation to demonstrate direct link
with autism subtype
6,176 children with ASD

15 had a CHD8 mutation

— All had similar

Interviewed famwlles

— Gastrointestinal problems

Disrupted CHD8 gene in zebrafish

— Developed large heads & wide set eyes
— Fewer enteric neurons

— Constipated

Bernier a et al. Cell. 2014 Jul 17:158(2):263-76.




Serotonin Connects the Brain and Gut
in Autism

3% mmm) Sleep, mood, appetite

Serotonin is Critical for Brain
Development

e One of the most widely
distributed & earliest

systems to develop
— Innervates almost all areas of
the brain
— Serotonergic neurons in human
brain from fifth gestational
week

5 Dev 1993, 75:1.12°
03, 4:1002-1012.

Serotonin Signaling is Abnormal in the
CNS in Autism

e Important for pre- and - :
postnatal human brain Control 2.1 Yr. Control 16.4 Yr.
development =

— Changes in serotonergic
signaling associated with ASD

¢ Increased # serotonin axon Autism 2.8 Yr. Autism 14.1 ¥r.
# ~T

branching in temporal cortex !

* PET scans show diminished
serotonin synthesis

iotr 2002, 7(Supp 2):516-51 etal. in leurosci 2005, 23:171-182.
eurol 1899, 45:287.295 ¢ a7




Serotonin is Critical for Gut Function!
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SERT Variants are Overexpressed in ASD

» Serotonin plays critical roles in brain & gut
development and function

e Gl problems 4-fold more common in children with ASD

* Does abnormal serotonin homeostasis cause brain-qut
dysfunction in ASD?

— GWAS: SERT variants overexpressed in ASD
¢ All result in overactive serotonin transporter activity
Most common coding variant: G56A
— G56A transgenic mouse
* Most common gain-of-function SERT variant in children with ASD
— Core autism-related behavioral abnormalities

» Altered social function & communication, repetitive behaviors
— Altered serotonin-related brain abnormalities

Hypothesis

Genetic abnormalities in the
serotonin transporter (SERT), of the
kind found in autism, also cause
abnormalities in gut development
& function
Could the G56A mutation be a
brain-gut link in ASD?




Total and late-born
enteric neurons are
deficient in G56A
(SuperSERT) mice

e Total neur:
— HuC/D
e Late born neurons
and

KG Margolis et al. Submitted.

Motility is Diminished in G56A Mice

Total Gi transit time. Colanic Motility

peoot <001
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In Vivo

KG Margolis et al. Submitted.

Gut Dysfunction is Preventable in the
G56A Mice

G56A mouse model represents a brain-gut
link in autism:
— ASD-associated features
— Defects in ENS development
— Abnormal gut movement
Is there a way to prevent the ENS & motility
defects?
5-HT, is a major receptor for intestinal
serotonin
— 5HT, stimulation increases the number of
neurons in cell culture! T4 levels lower in children with ASD & Gl
mice eurons dysfunct
— Increases gastromtestlna\ movement

it Bovest D, 2015 Apr21(4):870-8, dok 10
Colitis induces enteric neurogenesis through a 5-HT4-dependent mechanism.
[Belkind-Gerson J', Hotia R, Nagy N, Thomas AR, Graham H, Cheng L, Solorzano J, Nguyen D, Kamionek M, Dietrich J, Cherayil BJ, Goldstein AM.

— Treatment for chronic constipation

iLiu MT et al. J Neurosci. 2009 Aug 5;29(31):9683-99.




Prucalopride rescues G56A mice

neurons (SMP)

neurons (MP)

Gl Transit

Antenatal SSRI Exposure

Selective serotonin reuptake inhibitors

(SSRIs):

SSRIs inhibit SERT o .
— Increase serotonergic neurotransmission PRUm4 h( /(“ II(
Used to treat depression during pregnancy E

- &%

2-fold risk of congenital malformations Zg}g% W L-‘HT.‘R:"JEE' —L

+ Alter CNS development

* ?increased risk of autism in males exposed r
Effects of antenatal SSRI exposure on Gl !:ﬁv‘m‘" Fcalate (25,
unknown

— Children exposed in utero to SSRIs require
laxatives 10-fold more than non-exposed

« Exposure may lead to abnormal ENS

development and GI motility

Reefhuis et al. BMJ. 2015 Jul 8351; Gentile 5. J Affect Disord. 2015 Aug 15/182:132-7; Welsskopf E et a. Expert Opin Drug Saf. 2015 Mar;14(3):413-27; Gross-Margolis et
al. Gut. 2014 Jun;63(6):928-37; Gross et al. Gastroenterology. 2012 Aug;143(2):408-17; LiZ, Gross-Margolis et al. | Neurosci. 2011 Jun 15;31(24):8998-9003; i, Gross-
Margolis et al.  Neurosci. 2010 Dec 8:30(45):16730-40; Bakker, M.K. e a. Pharmacoepidemiol Drua Saf 19, 308-813 (2010).

Will Fluoxetine alter
ENS development
and Gl function?

Hyperplasia of the ENS
Slower in vivo motility

Faster in vitro motility

— Excess sympathetic
activation from the brain
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Conclusions

Bidirectional communication
between the brain & the gut
— Starts in utero
Developmental insults lead to
brain-gut disorders
— Present at all stages of life
* Autism, constipation, IBS
* Parkinson’s, Alzheimers
Serotonin plays critical roles in
brain and gut development
— Genetics, environmental
— Critical to disorders of the brain-gut
axis
Can the brain be fixed via the gut?
— Gut-focused target therapies

Future Opportunities

Healthy CNS Abnormal CNS
function T {) function

Microbiota-
Gut-Brain
O g GO Axis

i
Hr.mk
function

Normal gut
and behavior
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Temporal Opportunities for Therapy

Migraion
Anonial/Dendiritic Qutgromth
PropammBlIeet Deat

a® Gt microbiota- ok seroronn =
- : -

- changes over the
lifespan

Possible mechanisms: Neurolmmune, bacterial products

U'Manony et al. Neuroscience. ZU15 Sep 3. pi: 5U3Ub-4522{13) (epud anead of print)
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Vitamin A facilitates enteric nervous system precursor
migration by reducing Pten accumulation

Ming Fu', Yoshiharu Sate’, Ariel Lyons-Warren', Bin Zhang’, Mauroen A. Kane',
Jaseph L. Napsli® and Robort O. Heuckoroth '

Phiasmaco Boehom Beha, 2018 May:120:117:23. do 10.1015]5.2014.02 016, Epubb 2014 Feb 26
Retinoids as potential targets for Alzheimer's disease.
Soan| RK", Singh N2

@ Author information

Gli. 2018 Jun 29. dot 10.1002/gha. 22878, [Epub ahead of prinl]

Enteric glia express proteolipid protein 1 and are a unigue of glia in the
nervous system.
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Gut. 2010 Dec;59(12):1643-51, doi: 10.1136/gut.2010.222620.
The brain to gut pathway: a possible route of prion transmission.
Lawson VA', Fumess JB, Klemm HM, Pontell L, Chan E, Hill AF, Chiocchetti R.

Mo Disord, 2015 Apr;30(4):494-8. dok: 10.1002imds, 25979, Epub 2014 Aug 7.
Enteric glial cells: new players in Parkinson's disease?
Clairembault T', Leclair-Visonneau L, Neunlist M, Derkinderen P.
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Spinal Neurons Play a Role in Brain-Gut
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