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Fig 3. Distribution of cell number and mass for different cell types in the human body (for a
70 kg adult man).
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Sender R, Fuchs S, Milo R (2016) Revised Estimates for the Number of Human and Bacteria Cells in the Body. PLOS Biology 14(8):
€1002533. https://doi.org/10.1371/journal.pbio.1002533
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Development of gut microbiota in humans
(Mitsuoka & Hayakawa, 1972)

Kinetics of colonization Intestinal flora
A A
Ve N ) N
Counts Species
log,,CFU/g feces Symbiotic ~ Bacteroides

Eubacterium

11 9-1pl1 " .
10°~10 I Bifidobacterium
|_Peptostreptococcus
9 -
(" Lactobacillus
E. coli
- 5.108
! Il 10°~10° 11 Streptococcus
(_ Veillonella
5 -
( Clostridium perfringens
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0~10% III< Pseudomonas aeruginosa
_ Proteus
. Pathogenic _ Staphylococcus aureus
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Modulation of HPA axis response by early-
life environments

Manipulation HPA response References
at adults

Handling i | Science 239;766, 1988

early t Dev Psychobiology 24;547, 1992
Maternal deprivation _

late l Dev Brain Res 111,245, 1998
Social isolation l Endocrinology 139;579, 1988
Maternal care l Science 277;1659, 1997

‘.‘ Increase in HPA response at adults

) Decrease in HPA response at adults
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Can gut microbiota affect HPA stress response?

We examined HPA reaction to restraint stress by
comparing the three groups of mice:

. Germ-free (GF) mice that had no microorganisms
. Specific pathogen-free (SPF) mice raised with a
normal microbiota but not with specific pathogen
. Gnotobiotic mice raised with a single strain of

bacterium

SPF Gnotobiotic



Materials & Methods

K 1 hr-restraint using a
50-ml conical tube

0O 30 60 120 (min)
I .
SPF or GF Peripheral blood: Measurement of plasma
BALB/c mouse ACTH and corticosterone levels in response to
g 9 wks 1-hr restraint

-




Plasma ACTH and corticosterone responses following
restraint stress are higher in GF mice than in SPF mice

ACTH Corticosterone
(pg/ml) (ng/ml) —e— SPF
180-
T 160 GF
200' i K%k .
140- B Restraint
150- 120-
100- i
100- . 80- .
60-
50- 40"
20"
O _ T T T T O'__— T T T T
0O 30 60 90 12 0O 30 60 90 120
Time (min) Time (min)

(Sudo N. 2004) % P < 0.001, ** P < 0.01, * P <0.05



BDNF concentrations

(pg/mg protein)
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* B SPF
H GF

*P <0.05

(Sudo N. 2004)




Materials & Methods

~ S 1) SPF (- Bifidobacterium infantis)
2) GF - Bacteroides vulgatus
- 3) Gnotobiotic < - Enteropathogenic E-coli
BALB/C (S1=1®)
' 9wks _ * EPEC mutant ATir y

Peripheral blood: Measurement of plasma
ACTH and corticosterone levels before
and after 1 hr-restraint.

Brain: Measurement of CRF, GR and BDNF
levels in various regions of the brain




Restraint stress-induced ACTH and
corticosterone elevation in gnotobiotic mice

ACTH Corticosterone
(pg/ml) (ng/ml) %
300 A * i I_l B SPFE
I L 200 * %% I-
y BGF
\ \
% 150 1 % M Bifidobacterium
§ § M Bacteroides
%g 100 1 %& EPEC
N N s
% Z %é BAATir
N/ 50 1 Y
N N
NV A
\ o .
Basal 1 h restraint Basal 1 h restraint

**+ P < 0,001, * P <0.01,* P <0.05
(Sudo N. 2004)



BDNF concentrations

B SPF
. B GF
(pglznég protein) MW Bifidobacterium Infantis
*

200 T

*P <0.05




Signaling from gut microbes to the brain

BD: bacterial DNA
DC: dendritic cell
EC: enterochromaffin cell
GABA: y-aminobutyric acid
H2S: Hydrogen sulfide
5-HT: 5-hydroxytryptamine
5-HT3 R: 5-HT type 3 receptor
LPS: lipopolysaccharide
MF: macrophage
IL-1, IL-6, TNF-a. NTS: nucleus tractus solitaris
NG: nodose ganglia
NO: nitric oxide
VA PG: peptidoglycan
SA: spinal afferent nerve
5-HT. R SCFA: short-chain fatty acid
I_i VA: vagal afferent nerve

DC, MF

Gut hormone ? 1)
Ghrelin, PYY, GLP-1, etc N 5-HT
( ) P,
[ ]
o _ SCFA g o
Biological active substances il

produced by bacteria
(Quorum sensing molecules, SCFA, GRBA, o  wmm - -

polyamines, NO,%. Intestinal Bacteria G ut
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Methods

Parent GF BALB/c Parent Ex-GF BALB/c

® SPF feces
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Behavioral analysis under contamination-free |
environment
-open field test (locomotor, anxiety)
Marble-burying test (anxiety)
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Marble burying behavior of GF mouse

GF mice buried twice as many marbles
as SPF mice



Gnotobiotic mice for behavioral experiments

Grandparent ® SPF feces (EX-GF)
GF BALB/c ® Clostridium coccoides (Cc)
® Bifidobacterium infantis (BI)
an N
Parents Parents
GF

EX-GF Cc

T — T~ —— T~ _—
R B ] [
R ] i

Behavioral analysis under contamination-free
environment

-open field test (locomotor, anxiety)
__"Marble-burying test (anxiety)




Locomotor activity evaluated by open-field test

70 I

60 A

—
——
'—

50 A

DT30 (min)

40 -

30 A

20

7 10 16 7 10 16 7 10 16 7 10 16
GF EX-GF Cc Bi (W)

Administration with SPF feces (EX-GF) or
Bifidobacterium infantis renders GF mice less active

(Nishino, 2013)



TS30 (min)

Anxiety-related behavior

Open-field test Marble-burying test
20 -
1 18 -
24 1 1 L_I_ g?' ES 16 - —I_‘}
i T 14 -
20 1 7 12 -
=
m 10 A
Z
16 - 8 P :Ii
]
6
o
12 - 4 1 ;
2
8 0

71016 7 1016 7 1016 7 1016
GE EX-GE Cc gi (W)

71016 7 1016 7 1016 7 1016
GF EX-GF Cc Bi (W)

Colonization of SPF flora or Clostridium coccoides
makes GF mice less anxious

(Nishino, 2013)



Behaviors alter microbiomes.

Ishikawaella When born, bugs feed on Behaviors shape
, capsulata capsules of symbionts; if no  symbiont acquisition
(S capsules are present, nymphs
v wander in search of microbes

| \ WK udzu bug -

iMegacopta cribraria)

Gut microbiota Juvenile iguanas eat soil Animals may adjust
or feces to tailor the the microbiota at
microbiota to their current different life-history

Green iguana diet slages

@ (/guana iguana)

Behaviors impact microbiomes

Vibrio fischeri  Squids eject bioluminescent ~ Suggests animals
bacteria daily can actively control
their symbiont

P populations
g Bobtail squid. <"

_Euprymna scolopes)

Vanessa O. Ezenwa et al. Science 2012;338:198-199

Al AAAS

Published by AAAS



Microbiomes alter behaviors.

Gut microbiota  Diet-specific microbiota Microbes could drive
influence mating speciation
preferences

Human skin Skin microbes of humans Differential attraction
microbiota influence attraction to could impact disease
mosquitoes spread

B e
A Mosquito s

o

2> AAnopheles gambiae)

Microbiomes impact beljaviors

Lactobacillus  The probiotic L. rhamnosus ~ Suggests bacteria
rhamnosus decreases anxiety in mice can alter mood

Vanessa O. Ezenwa et al. Science 2012;338:198-199

Al AAAS

Published by AAAS



Commensal bacteria play a role in mating preference

of Drosophila melanogaster

Gil Sharon?, Daniel Segal®, John M. Ringo®, Abraham Hefetz", llana Zilber-Rosenberg®, and Eugene Rosenberg™’

Department of Molecular Microbiology and Biotechnology, Tel Aviv University, Tel Aviv 69978, Israel; ®School of Biology and Ecology, University of Maine,
Orono, ME 04469; “Department of Zoology, Tel Aviv University, Tel Aviv 69978, Israel; and 918 Rachavat Ilan St., Givat Shmuel 51905, Israel

Edited by R. John Collier, Harvard Medical School, Boston, MA, and approved September 28, 2010 (received for review July 12, 2010)

Development of mating preference is considered to be an early
event in speciation. In this study, mating preference was achieved
by dividing a population of Drosophila melanogaster and rearing
one part on a molasses medium and the other on a starch medium.
When the isolated populations were mixed, “molasses flies” pre-
ferred to mate with other molasses flies and “starch flies” pre-
ferred to mate with other starch flies. The mating preference
appeared after only one generation and was maintained for at
least 37 generations. Antibiotic treatment abolished mating pref-
erence, suggesting that the fly microbiota was responsible for the
phenomenon. This was confirmed by infection experiments with
microbiota obtained from the fly media (before antibiotic treat-
ment) as well as with a mixed culture of Lactobacillus species and
a pure culture of Lactobacillus plantarum isolated from starch flies.
Analytical data suggest that symbiotic bacteria can influence mat-
ing preference by changing the levels of cuticular hydrocarbon sex
pheromones. The results are discussed within the framework of
the hologenome theory of evolution.

identification. Several replicates of each experiment were per-
formed with the wing clippings alternating between populations
(i.e., half of each experiment was done with wing clipping of flies
from one treatment, and the other half was the reciprocal). Even
though wing clipping has been previously shown not to affect
mating preference in Drosophila (9, 10), we used a counter-
balanced design for mating preference tests to control for any
possible wing clipping effects.

In the first experiment, the mating preference test was per-
formed after 11 generations (Fig. 1B). Of the 38 recorded mat-
ings, 29 were homogamic, i.e., “starch males” with “starch
females™ and “CMY males™ with “CMY females,” whereas only
nine were heterogamic (i.e., “starch”™ x “CMY"). These results
demonstrate a significant positive sexual isolation index (SII)
(11): SIT = 0.53 + 0.14 (SEM) and P = 0.0012 (binomial test),
with the following assumptions:

(Sharon et al., 2010)

23 aNLITIE, HAEFZ2DIZHITTHEAKZN 2D I Y THS L.
MEZHEVEEELE CLRCI Y ZERL-MEREARET 5, —F%
WET.PO—AETUIUTHROE. TORIEEEHETHLHENIRL. T
VTUNIRTTRET AN NIEREYENIET HEF0DEY !l?a"%li;l‘élf'&o
—DIFZR(ZIL. Lactobacillus plantarumlZk4cuticular hydrocarbon sex
pheromone (AR KILKFZHIZIOFEV) LRILOEFHHAEE,
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T Ddit4
T CSFR1

SPF mice GF mice
Recolonized mice Antibiotic-treated SPF mice

SCFA-fed GF mice

Figure 1 Communication from gut to brain regulates microglia. The typical morphology, territorial
boundaries and molecular profile of microglia observed in mice living in standard, clean housing
conditions (SPF; left) are changed in mice living in a GF environment (right). Microglia of GF mice
display extended processes that encroach on each other’s territories and a gene expression profile
more akin to that of immature cells (for example, upregulation of CSFR1 and Ddit4). Partial ablation
of gut microbiota with antibiotics produces a microglial phenotype similar to the one observed in GF
mice, while recolonization of GF mice or feeding with SCFA normalizes the microglial phenotype.
GF, germ free; SPF, specific pathogen free; SCFA, short-chain fatty acids.

Nature Neurosci. 2015 Jun 25;18(7):930-1.


http://www-ncbi-nlm-nih-gov.anywhere.lib.kyushu-u.ac.jp/pubmed/26108718
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Indole-3-acetic acid, indoxyl-3-sulfate, indole-3-
propionic acid, indole-3-aldehydeZi &, aryl
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Protection against
CNS inflammation

IFNAR1

AHR ligands derived from 3
tryptophan catabolism

A

Other bacteria
(microbiota)

. '

o8 - _.Q CP & [ Lumen |.*”
% R ; , ,
Lactobacillus Protection against
Diet =3 Tryptophan colitis

Bacteria in the gut catabolize tryptophan into a range of indole derivatives
(such as indole-3-acetic acid, indoxyl-3-sulfate, indole-3-propionic acid and
indole-3-aldehyde) that are ligands for the aryl hydrocarbon receptor (AHR)

Nature Medicine 22, 581-583 (2016)
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(vagus afferent)

A gut brain neuroepithelial circuit

: To brain

Nutrients |- % * . Vagus nerve [ Nodose
ganglia

—-

Afferent

The neuropod cells. (Top left) Neuropod cells synapse with sensory neurons in the small
intestine, as shown in a confocal microscopy image. Blue indicates all cells in villus; green indicates
green fluorescent protein (GFP) in neuropod cell and sensory neurons. (Bottom left) This neural
circuit is recapitulated in a coculture system between organoids and vagal neurons. Green
indicates GFP in vagal neuron; red indicates tdTomato red fluorescence in neuropod cell. (Right)
Neuropod cells transduce fast sensory signals from gut to brain. Scale bars, 10 pm.

Kaelberer et al., Science 361, 1219 (2018) 21 September 2018
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A Neural Circuit for Gut-Induced Reward

Graphical Abstract
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In Brief

A gut-to-brain neural circuit establishes
vagal neurons as an essential component
of the reward neuronal pathway, linking
sensory neurons in the upper gut to
striatal dopamine release.
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A gut microbial factor modulates locomotor

behaviour in Drosophila

Catherine E. Schretter#, Jost Vielmetter?, Imre Bartos®, Zsuzsa Marka®, Szaboles Marka?, Su

& Sarkis K. Mazmanian'*

While research into the biology of animal behaviour has primarily
focused on the central nervous system, cues from peripheral tissues
and the environment have been implicated in brain development
and function!. There is emerging evidence that bidirectional
communication between the gut and the brain affects behaviours
including anxiety, cognition, nociception and social interaction'™.
Coordinated locomotor behaviour is critical for the survival and
propagation of animals, and is regulated by internal and external
sensory inputs'®!!, However, little is known about how the gut
microbiome influences host locomotion, or the molecular and
cellular mechanisms involved. Here we report that germ-free status
or antibiotic treatment results in hyperactive locomotor behaviour
in the fruit fly Drosophila melanogaster. Increased walking speed
and daily activity in the absence of a gut microbiome are rescued
by mono-colonization with specific bacteria, including the fly

flies, whereas the number of
(Fig. 1c—f). These data reveal
speed and temporal patterns

The microbial community ¢
species'>!®, In laboratory-rais
L. brevis and Lactobacillus plc
munity affect distinct featur
closely related microbial taxa ¢
the host!>!718, Accordingly, v
mance was affected differentl
similar levels of colonization (1
with L. brevis—but not L. plan
to correct changes in speed an
and Extended Data Fig. 1b—
host diet did not alter bacter

Nature 2018 doi: 10.1038/s41586-018-0634-9.

FO—RAY A5—+ (Xylose isomerase):
D-FO—R&ED-FVI)LA—X (LT HER.

TR B A EEAE .

= — Walking-path

‘\\ trace

“ Fruit fly lacking

Fruit fly with
natural gut microbes

Lactobacillus brevis

Low activity of High activity of

Kylose octopaminergic octopaminergic
isomerase neuron neuron
e X—te
Trehalose

Lactobacillus
brevis

Figure 1| A gut bacterium affects walking activity in the fruit fly Drosophila melanogaster. Schretter
et al.* used imaging approaches to track fly movement and found that (a) fruit flies that have their

natural gut microbes were less active than (b) flies that lack the gut bacterium Lactobacillus brevis. a, The
authors reveal that the enzyme xylose isomerase produced by L. brevis is key to this phenomenon. This
enzyme modifies certain sugars, which leads, by an unknown process, to a decrease in thelevel of the
sugar trehalose in the body of flies in which this bacterial enzyme is present. The results of the authors’
experiments are consistent with a model in which a decrease in trehalose is accompanied by a decrease in
the activity of octopaminergic neurons (those that produce the neurotransmitter molecule octopamine)
that regulate fly locomotion. b, Compared with flies that have their natural gut microbes, flies lacking

L. brevis have higher levels of the sugar trehalose in their body and are proposed to have higher activity of
octopaminergic neurons.
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The Treatment of Melanchoha by the Lactic Acid
Bacillus. (*) By J. GEORGE PorRTER PHILLIPS, M.B, B.S.
(Lond.), M.R.C.S,, L.R.C.P., Assistant Physician, Bethlem
Royal Hospital.

MELANCHOLIA, with its attendant constipation and faulty
alimentation, lends itself at once to a dietetic form of
treatment.

Whether the constipation is dependent on defective innerva-
tion and is a direct symptom of melancholia or is the initial
cause of this mental disturbance, it matters not so far as our
endeavours in treatment are concerned.

It is obvious that the melancholiac, in the acute stages of
his illness, struggles against great odds owing to the following
facts: His alimentation is defective, his excretions are diminished,
and, moreover, his whole system is in a state of auto-
intoxication. In other words there is a general clogging of
the metabolic processes. The disturbance of the alimentary
tract tends to form a vicious cycle hindering the nervous
system from obtaining an efficient and pure food supply.

We have ample evidence of this impaired metabolism with
its toxemia. The patient has a sallow, muddy complexion,
a dry skin, a parched, furred tongue, a high-tension pulse,
brittle nails and lustreless hair, a scanty high-coloured urine

MelancholiafB F 18 AIZxtL
Lactic acid bacillusZ¥Z5L .
N OE R s

fa R FRAEEIRICEL T
AREUAN E2A, F%4
A, BEC1ATH-T=, &6
ICEWTEMORELAE
IEINZEROHT-

(Phillips JGP J Mental Sci 56:422-431, 1910)
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Figure 2

The relative
abundances

of Actinobacteria andB
acteroidetes were
significantly changed
in MDD patients as
compared with healthy
controls. *P<0.01

by t-test.

Molecular Psychiatry (2016) 21, 786-796;
doi:10.1038/mp.2016.44
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Finegold SM et al., Clin Infect Dis. 2002;35(Suppl 1):S6-S16
Parracho HM et al., J Med Microbiol. 2005;54(Pt 10):987-991
De Angelis M et al., PLoS One. 2013;8(10):e76993

Finegold SM et al., Anaerobe. 2010;16(4):444-453

Adams JB, et al., BMC Gastroenterol. 2011;11:22
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Human Gut Microbiota from Autism Spectrum
Disorder Promote Behavioral Symptoms in Mice

Graphical Abstract Authors

Gil Sharon, Nikki Jamie Cruz,
Dae-Wook Kang, ..., Daniel H. Geschwind,
Rosa Krajmalnik-Brown,

B i Grem-free mice (C57BLB)  Zofviq. iz} g y
‘ . it ) Sk Sarkis K. Mazmanian
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i Correspondence

gsharon@caltech.edu (G.S.),
sarkis@caltech.edu (S.K.M.)

In Brief

Repetitive and social behavioral
abnormalities in mice with microbiomes
from patients with autism spectrum
disorder can be corrected by the
administration of specific metabolites.
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Figure 2.

Percent average body weight (% ABW) and kilocalories/kilogram per day
(kcal/kg/day) in a typical course for a restricting-type anorexia nervosa
individual who entered at 70% ABW. Individuals with anorexia nervosa tend to
require escalating caloric intake in order to maintain a 1 to 1.5 kg/week weight
gain during hospitalization (Kaye et al., unpublished data).

Marzola et al. BMC Psychiatry 2013 13:290 do0i:10.1186/1471-244X-13-290
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Table 3. Comparison of bacterial counts between the control subjects (CON) and anorexia nervosa
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Table 7. Comparison of organic acids and pH between the control subjects (CON) and anorexia
nervosa (AN) patients.

prnaliyg feces

Controls (n = 21) AN (n = 25) p value ES (r)
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Propionic acid 152+ 59 9.3t48"° 0.0010 0.4957
Iso-butyric acid 12214 136282 0.0591 0.6674
Butyric ackd LEx75 38225 0.00a2 0.5089
Iscvalenc acid a1z22 43214 0.18 0.3583
Valeric ackd 4.2 47212 1 v}
pH 6.74 £ 0.94 7.37 £ 0.86 0.0374 0.3103

ES: effect size. Total organc ackd conceniration is éxpressed as the sum of the concentrations of 8 ackds, An astensk (*) indicales a significant dfferance

babwiren tha AN and controd growps aller a the Boalerroni correction based on the tetal numbaer of bests (n = 11, p < (L0045 (DO 1)),
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Fig 1. Principal component analysis (PCA) of bacterial counts in healthy female controls, 14
restrictive anorexia nervosa (ANR) patients, and 10 binge-eating anorexia nervosa (ANBP) patients.
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Psychobiotics: A Novel Class of Psychotropic

Timothy G. Dinan, Catherine Stanton, and John F. Cryan

Here, we define a psychobiotic as a live organism that, when ingested in adequate amounts, produces a health benefit in patients
suffering from psychiatric iliness. As a class of probiotic, these bacteria are capable of producing and delivering neuroactive substances
such as gamma-aminobutyric acid and serotonin, which act on the brain-gut axis. Preclinical evaluation in rodents suggests that certain
psychobiotics possess antidepressant or anxiolytic activity. Effects may be mediated via the vagus nerve, spinal cord, or neuroendocrine
systems. So far, psychobiotics have been most extensively studied in a liaison psychiatric setting in patients with irritable bowel
syndrome, where positive benefits have been reported for a number of organisms including Bifidobacterium infantis. Evidence is
emerging of benefits in alleviating symptoms of depression and in chronic fatigue syndrome. Such benefits may be related to the anti-
inflammatory actions of certain psychobiotics and a capacity to reduce hypothalamic-pituitary-adrenal axis activity. Results from large

scale placebo-controlled studies are awaited. BiOIOgical Psychiatry 74720—726, 2013

From Probiotics to Psychobiotics!
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