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€ The signal mechanism regulating Gut-Brain Axis
€ The Gut-Brain regulation of behavior in mice

€ Physiological function in Drosophila through Gut-Brain communication
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The signal mechanism regulating Gut-Brain Axis

Germ-free mice
v' germfree caesarean section

v' germfree breeding technology

v’ fecal microbiota transplantation

v’ taking probiotics




Top-down regulation:

> sympathetic nerve/ vagus nerve

» hypothalamic-pituitary-adrenal axis ( HPA axis )

» neurotrophic factors
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RET signals control innate IL-22 and regulate gut defense and homeostasis
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Glial cells set GFL expression and innate [L-22
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summary

A novel glial-ILC3-epithelial cell unit orchestrated by neurotrophic factors
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brain

Down-top regulation
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Food
intake

Gut

enteroendocrine cell
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Gut secretions
Gut motility
Food intake

Insulin release

Nutrient utilization

Gut hormones :

cholecystokinin (CCK)

glucagon-like peptide 1 (GLP1)
glucose-dependent insulinotropic peptide (GIP)
peptide YY (PYY)

somatostatin
ghrelin

serotonin (5-hydroxytryptamine [5-HT])
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Colonization of GF mice with a gut microbiota induces maturation of neuronal precursors
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microbiota-induced release of mucosal 5-HT is neuroprotective for the ENS
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The gut microbiota regulates neuronal 5-HT release
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summary

» 90% of the body’s serotonin (5-hydroxytryptamine, 5-HT) is produced by
enterochromaffin (EC) cells.

» The gut microbiota stimulates neuronal and mucosal 5-HT in GF mice leads
to differentiation and maturation of enteric neurons.

» GABA. BNDF, dopamine, adrenaline



A gut brain neuroepithelial circuit
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Kaelberer et al., Science.2018



Enteroendocrine cells of the colon synapses with vagal nodose neurons
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Enteroendocrine cells transduce glucose stimuli onto vagal neurons
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Enteroendocrine cells transduce a stimulus onto vagal neurons within milliseconds
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summary

» Enteroendocrine cells synapse with vagal nodose neurons. This
neuroepithelial circuit connects the intestinal lumen with the brainstem
INn one synapse.

» Enteroendocrine cells elicited excitatory postsynaptic potentials in
connected nodose neurons within milliseconds.



(adult flies)
a small “knob”

(third instar larvae)

triangular appearance

Li SZ, et al. PLoS ONE.2013



CCHamide-2 is also produced in the larval central nervous system (CNS)

CCHamide2 immunostaining wasn’t found in the brain of adult flies.

double-labeling

L1 SZ et al PLoS ONE.2013



There is high expression of the CCHamide-2 gene in the gut
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CCHamide-2 stimulates locomotion related to feeding in adult flies
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CCHamide-2 stimulates larval development
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CCHamide-2 is an orexigenic brain-gut peptide in Drosophila

Ren GR, et al. PLoS ONE.2015



Neuron

Nutrient Sensor in the Brain
Directs the Action
of the Brain-Gut Axis in Drosophila
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a sweeter yet nonnutritive sugar or a nutritive sugar

(L-glucose or D-arabinose) (D-glucose, D-trehalose, D-fructose, or sorbitol)

sated or starved



Dh44 neurons mediates the selection of nutritive sugars independent of taste input
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Dh44 neurons are activated by nutritive sugars and not by nonnutritive sugars
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Sugar-induced activation promotes the release of Dh44 neuropeptide
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Dh44 R1 and Dh44 R2 receptors are required for the selection of nutritive sugar
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The Dh44 system regulates rapid PER, excretion and gut motility
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The influence of gut-brain axis signals on individuals
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Preference
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eat tasty food

The gut-brain axis mediates sugar ]
preference .
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Taste-independent sugar preference
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Neurons in the cNST mediate sugar preference
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Vagal neuron participates in signal transmission in the intestinal-brain axis
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SGLT1 transduces gut-brain sugar signals

a
Imaging of Vapal
nouron activity \niastinal delivery
". / of stimulus

Glucose Fructose Mannose

15§

= o 1.0 b
L] - .
: : N
: ¥
N B .
" 05 2 "
-~ \ £
¥ ¥ : 'g
an 4 E o
3 : 2 )
b : s'e i § N 0 : 3 | '
180 300 60 180 300 60 180 300 60 180 60 180 300
Time (s) Time {s)
OMG OMG Glu Gl  3-OMG g
> 3 2 & +SGLT1 blocker

2.1 . " :’
. Gu Glu Glu Glu
1 6 C
OMM
300

600 900 1200 1,500 4 W A
s %2 IMMI Wﬁ I
_Gal Gal Gu G Ga 0 Z‘ﬂ.‘) Dratna-ad)

dF/F (%) S

600 900 1,200

6 : Time (s)
4:.
?.

dF/F (%)

300 600 900 1200 1,500
Time (s)

1.0

0

Normalized fluorescence



NST is sufficient for development of sugar-preference
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Social

ICRSEN > Neuron. 2019 Jan 16;101(2):246-259.e6. doi: 10.1016/j.neuron.2018.11.018.
Epub 2018 Dec 3.

Mechanisms Underlying Microbial-Mediated
Changes in Social Behavior in Mouse Models of
Autism Spectrum Disorder

Martina Sgritta !, Sean W Dooling 2, Shelly A Buffington !, Eric N Momin 3, Michael B Francis
. Robert A Britton 4, Mauro Costa-Mattioli 2

Affiliations + expand
PMID: 30522820 PMCID: PMC6645363 DOI: 10.1016/j.neuron.2018.11.018

Microbes change —ASD or ASD — Microbes change ?

p=00311
300
(o]
& 250 .
@ - o
5) e Q
g 200 oy ®
@
o
b -
o 2
8 150 -
o
100
o
TD ASD
s b e

C:Anaerotruncus
D:Christensenella
E:Clostridium
F:Pseudoramibacter Evbacterium
G: Ruminococcus
H:Clostridium

|:Clostridium
J:Holdemania
K:Enterococcus
L:Paraprevotelia
M:Butyricimonas
N:Bacteroides
O:Alistipes

Sharon G, et al., Ce// 2019.



Lower L. reuteriin the intestine of ASD model mice
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Treatment with L. reuteri can rescues social deficits of Shank3B~- mice
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L. reuteri can rescue social deficits without relying on other microbes
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Vagus nerve is required for the relevant gut-microbiota-brain communication
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L. reuteri can increase the number of oxytocin+ neurons in the PVN
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L. reuteriincreases the basal strength of excitatory synapses of DA neurons through oxytocin
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Microbial-mediated neural circuits for relieving ASD symptoms
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Learning and memory
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Lack of microbiota impairs extinction learning
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Neuronal and glial changes in microbes-lacking mice

d Enriched GO terms (based on DEGs in microglia)
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Defective extinction-learning-related dendritic spine formation before weaning
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Gut microbes change behavior by regulating metabolism
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Oxidative stress

Cell

Sleep Loss Can Cause Death through Accumulation
of Reactive Oxygen Species in the Gut

| Abstract

Alexandea Vaccaro, Yosa! Kaplan Dor,
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Melatonin rescues intestinal inflammation and cell damage caused by sleep loss
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Take home messages

« The gut-brain axis can regulate animal health and some behaviors

« The signal communication in the gut-brain axis is not only through

the vagus nerve, but also through circulatory system
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Section 1. The microbiome and Physiological
characteristics of hosts



Metabolic Homeostasis via Insulin Signaling
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Drosophila Microbiome Modulates Host Developmental and



* (Genome-wide screening of the Acetobacter genes essential for host

growth.
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* Commensal POQQ-ADH activity I1s required for controlling developmental
rate, body size
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Cell Host & Microbe
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* The ERK pathway is broadly activated by and restricts viral
Infections in Drosophila cells.
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PVR and Pvf2 are Required for Antiviral Defense
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* The Microbiota Regulates Pvi2 Expression and Antiviral Defense
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Section 2: The microbiome and behavior



A gut microbial factor modulates locomotor
behaviour in Drosophila

Catherine E. Schretter'*, Jost Vielmetter?, Imre Bartos®, Zsuzsa Marka®, Szabolcs Marka?, Sulabha Argade*
& Sarkis K. Mazmanian'*

* Select gut bacteria modulate locomotor behavior in flies
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Post-eclosion microbial signals decrease host locomotion
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 Xylose isomerase from L. brevis alters host locomotion
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* (Octopamine mediates Xi-induced changes in locomotion.
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Peptidoglycan sensing by octopaminergic
neurons modulates Drosophila oviposition
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PGN-mediated NF-kB pathway activation decreases female oviposition.
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One specific PGRP-LB isoform controls oviposition
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NF-kB acts in neurons to regulate infection-dependent egg laying
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* Bacteria modulate egg-laying behavior via the octopamine pathway.
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Commensal bacteria play a role in mating preference
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* Mating preference tests of D. melanogaster after growth for
different numbers of generations on either starch or CMY medium.
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Table 1. The role of bacteria in diet-induced mating preference of D. melanogaster

Experiment Fly treatment* Matings Sll, mean + SEM P value'

1 Starch-grown x CMY-grown 18 0.27 + 0.02 <0.0001

2 Experiment 1 after antibiotics 10 0.01 + 0.03 0.4483

3 Experiment 2 after infection with homologous bacteria* 4 0.22 + 0.03 0.0024

4 Experiment 3 with Lactobacillus replacing homologous A 0.16 + 0.06 0.0392
bacteria in starch-bred flies

5 Experiment 3 with Lactobacillus plantarum replacing homologous 5 0.19 + 0.05 0.0004
bacteria in starch-bred flies

6 Infection control (no added bacteria) 4 -0.04 + 0.08 0.4052

*After all treatments, the flies were grown for one generation in CMY medium before performing the mating preference test.
'P value of the normal approximation to the binomial test, P < 0.05 was considered to indicate significant mating preference.

'Antibiotic-treated starch- and CMY-grown flies were infected with bacteria isolated from their respective growth medium (before antibiotic treatment).

Table 2. Bacterial communities in D. melanogaster grown on CMY or starch

Representation in clone

library, %*

Closest match (accession no.) Identity, % cmy! Starch®
Acetobacter pomorum strain EW816 (EU096229.1) 89.81 1.49 -
Acetobacter pomorum strain EW816 (EU096229.1) 93.99 1.49 -
Acetobacter pomorum strain EW816 (EU096229.1) 94.00 1.49 —_
Acetobacter pomorum strain EW816 (EU096229.1) 100.00 14,93 -
Bacillus firmus strain XJSL2-8 (GQ903397.1) 100.00 11.94 —
Enterococcus faecalis strain 3-12 (GU177628.1) 100.00 1.49 o
Lactobacillus plantarum strain IMAU:10272 (GU138600.1) 100.00 299 26.09
Low G+C Gram-positive bacterium T135 (AB116139.1) 99.44 5.97 —
Weissella paramesenteroides strain CTSPLS (EU855224.1) 97.24 1.49 -
Weissella paramesenteroides strain CTSPLS (EU855224.1) 99.64 4.48 —
Wolbachia endosymbiont of Drosophila melanogaster (AB360385.1) 100.00 47.77 73.91

165 rRNA gene analysis was performed on files (third generation) grown on CMY medium for one generation before mating preference
tests.
*Sequences with >99% identity were clustered by DOTUR (9).
"Based on 64 clones.
*Based on 23 clones.



Table 3. Major differences in CH profiles of CMY and starch bred flies

Mean CH per fly + SEM, ng

No antibiotic treatment

Treated with antibiotics

Peak name Retention time (min) Identified compound® CMY (n = 3) Starch (n = 2) CMY (n = 3) Starch (n = 3)
Females
F16 17.92 7-Tricosene 44.7 + 10.1 226 + 0.5 258 + 2.3 16.2 + 0.8
F24 21.08 7-Pentacosene 371+ 7.7 11.1+£23 20.3 + 2.5 10.5 + 0.8
FF12 23.77 7,11-Heptacosadiene 117.4 + 21.8 172.0 + 5.6 50.6 + 8.1 59.4 + 8.8
F40 26.54 2-Methyloctacosane 87.2 +25 136.2 + 4.3 342 + 4.3 49.0 + 6.1
Males
M12 16.4 Cis-vaccenyl acetate 9.9 +6.2 516 + 7.8 16.2 + 5.7 324 + 140
M16 17.92 7-Tricosene 259.1 + 59 4954 + 399 181.2 + 15.8 415.0 + 10.5
M24 21.08 7-Pentacosene 146 + 29.8 615 + 8.4 93.1 + 3.5 69.7 + 4.8

*Based on the GC CH profiles of D. melanogaster (12) and on GC-MS analyses.
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Section 1. The microbiome and Physiological
characteristics of hosts



Metabolic Homeostasis via Insulin Signaling
Seung Chul Shin et al.

Science 334, 670 (2011);
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Drosophila Microbiome Modulates Host Developmental and



* (Genome-wide screening of the Acetobacter genes essential for host

growth.
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* Commensal POQQ-ADH activity I1s required for controlling developmental
rate, body size
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* The ERK pathway is broadly activated by and restricts viral
Infections in Drosophila cells.
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* The Microbiota Regulates Pvi2 Expression and Antiviral Defense
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Section 2: The microbiome and behavior



A gut microbial factor modulates locomotor
behaviour in Drosophila

Catherine E. Schretter'*, Jost Vielmetter?, Imre Bartos®, Zsuzsa Marka®, Szabolcs Marka?, Sulabha Argade*
& Sarkis K. Mazmanian'*

* Select gut bacteria modulate locomotor behavior in flies
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Post-eclosion microbial signals decrease host locomotion
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 Xylose isomerase from L. brevis alters host locomotion
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* (Octopamine mediates Xi-induced changes in locomotion.
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Peptidoglycan sensing by octopaminergic
neurons modulates Drosophila oviposition

C Leopold Kurz?', Bernard Charroux?, Delphine Chaduli, Annelise Viallat-Lieutaud,
Julien Royet*

Aix-Marseille Université, Centre National de la Recherche Scientifique, UMR 7288,
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PGN-mediated NF-kB pathway activation decreases female oviposition.
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One specific PGRP-LB isoform controls oviposition
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NF-kB acts in neurons to regulate infection-dependent egg laying
B
PGRP-LB*
% 0.5 g
0
N \Q‘ &
'S’,b chng :
QZ:b\o:%,QO% 0?’6 3 X AbdG
Q\’%\e"‘\h\\)




>

Egg laying ratio for 24h

PGRP-LB*

v y)

Egg laying ratio for 6h

\)7‘ )

fe*

gy
P <<""° e

\\)?f.’ & \\>

$ Nl

v

%

&
o

@

Eggs / fly / 24h

)
o

N
(&)}

O

L
S 2
ke
215
©
2
L
(=]
20.5
0
&
Rt
)
0'\
QV

**




* Bacteria modulate egg-laying behavior via the octopamine pathway.
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Commensal bacteria play a role in mating preference
of Drosophila melanogaster
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* Mating preference tests of D. melanogaster after growth for
different numbers of generations on either starch or CMY medium.
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Table 1. The role of bacteria in diet-induced mating preference of D. melanogaster

Experiment Fly treatment* Matings Sll, mean + SEM P value'

1 Starch-grown x CMY-grown 18 0.27 + 0.02 <0.0001

2 Experiment 1 after antibiotics 10 0.01 + 0.03 0.4483

3 Experiment 2 after infection with homologous bacteria* 4 0.22 + 0.03 0.0024

4 Experiment 3 with Lactobacillus replacing homologous A 0.16 + 0.06 0.0392
bacteria in starch-bred flies

5 Experiment 3 with Lactobacillus plantarum replacing homologous 5 0.19 + 0.05 0.0004
bacteria in starch-bred flies

6 Infection control (no added bacteria) 4 -0.04 + 0.08 0.4052

*After all treatments, the flies were grown for one generation in CMY medium before performing the mating preference test.
'P value of the normal approximation to the binomial test, P < 0.05 was considered to indicate significant mating preference.

'Antibiotic-treated starch- and CMY-grown flies were infected with bacteria isolated from their respective growth medium (before antibiotic treatment).

Table 2. Bacterial communities in D. melanogaster grown on CMY or starch

Representation in clone

library, %*

Closest match (accession no.) Identity, % cmy! Starch®
Acetobacter pomorum strain EW816 (EU096229.1) 89.81 1.49 -
Acetobacter pomorum strain EW816 (EU096229.1) 93.99 1.49 -
Acetobacter pomorum strain EW816 (EU096229.1) 94.00 1.49 —_
Acetobacter pomorum strain EW816 (EU096229.1) 100.00 14,93 -
Bacillus firmus strain XJSL2-8 (GQ903397.1) 100.00 11.94 —
Enterococcus faecalis strain 3-12 (GU177628.1) 100.00 1.49 o
Lactobacillus plantarum strain IMAU:10272 (GU138600.1) 100.00 299 26.09
Low G+C Gram-positive bacterium T135 (AB116139.1) 99.44 5.97 —
Weissella paramesenteroides strain CTSPLS (EU855224.1) 97.24 1.49 -
Weissella paramesenteroides strain CTSPLS (EU855224.1) 99.64 4.48 —
Wolbachia endosymbiont of Drosophila melanogaster (AB360385.1) 100.00 47.77 73.91

165 rRNA gene analysis was performed on files (third generation) grown on CMY medium for one generation before mating preference
tests.
*Sequences with >99% identity were clustered by DOTUR (9).
"Based on 64 clones.
*Based on 23 clones.



Table 3. Major differences in CH profiles of CMY and starch bred flies

Mean CH per fly + SEM, ng

No antibiotic treatment

Treated with antibiotics

Peak name Retention time (min) Identified compound® CMY (n = 3) Starch (n = 2) CMY (n = 3) Starch (n = 3)
Females
F16 17.92 7-Tricosene 44.7 + 10.1 226 + 0.5 258 + 2.3 16.2 + 0.8
F24 21.08 7-Pentacosene 371+ 7.7 11.1+£23 20.3 + 2.5 10.5 + 0.8
FF12 23.77 7,11-Heptacosadiene 117.4 + 21.8 172.0 + 5.6 50.6 + 8.1 59.4 + 8.8
F40 26.54 2-Methyloctacosane 87.2 +25 136.2 + 4.3 342 + 4.3 49.0 + 6.1
Males
M12 16.4 Cis-vaccenyl acetate 9.9 +6.2 516 + 7.8 16.2 + 5.7 324 + 140
M16 17.92 7-Tricosene 259.1 + 59 4954 + 399 181.2 + 15.8 415.0 + 10.5
M24 21.08 7-Pentacosene 146 + 29.8 615 + 8.4 93.1 + 3.5 69.7 + 4.8

*Based on the GC CH profiles of D. melanogaster (12) and on GC-MS analyses.
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