Microbiota-Gut-Brain Axis
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Learning Objectives e R

Talk to me your gut feeling

*Explain the concept and significance of the
microbiota-gut-brain axis (MGBA)
*Describe key mechanisms linking gut microbes to
brain function and behavior

*Critically evaluate experimental approaches used to
study the MGBA

‘Discuss the clinical relevance of the MGBA in
mental, neurological, and gastrointestinal disorders
*Analyze current research and identify open
questions in the field




What is the Microbiota-Gut-Brain Axis?

The microbiota-gut-brain axis is a bidirectional communication
network connecting the gut microbiota, the gastrointestinal tract, and
the brain. Healthy status Stress/disease

*Signals travel via neural (vagus nerve, enteric

. . Alterations in
nervous system), immune, endocrine, and Healthy CNS

behaviour, cognition,

metabolic pathways. function emotion, nociception
*Gut microbes influence brain function, mood, and I I
behavior by producing neuroactive compounds and

dulati ‘nfl . Normal gut Abnormal gut
modulating inflammation. physiology function

*The brain also affects gut physiology and
microbiota composition through stress and
hormonal responses.

‘Disruptions in this axis are linked to neurological —

ysiological levels of Increased levels of
and psychiatric disorders, hlghhghtlng its inflammatory cells/mediators inflammatory cells/mediators
. . Normal gut microbiota ' Intestinal dysbiosis
importance for health and disease.



What is the Microbiota-Gut-Brain Axis?

“Bidirectional communication
network, signals from the brain
can influence the motor,
sensory, and secretory
modalities of the GIT Enteric Nervous System neuroendocrine
and conversely, visceral _
messages from the GIT can Brain-
influence brain function.” gut axis

Parasympathetic NS

Sympathetic
NS

O’Mahony et al., 2011



Gut Bacteria May Manipulate Your Mind

Certain species of gut
bacteria can interact with our
nervous system in ways that

appear to affect our stress
responses — and stress
response can affect the gut
bacteria too!




Think Twice: How the Gut's "Second
Brain" Influences Mood and Well-
Being

The emerging and surprising view of how the enteric nervous system in our bellies goes far

beyond just processing the food we eat

By Adam Hadhazy Scientific American

Science

Mapping the microbiota—gut—brain axis: How our gut microbiota
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GUT CHECK: A complex, independent nervous system lines the
gastrointestinal tract that has been dubbed the "second brain”.



What is the Microbiota-Gut-Brain Axis?

“Bidirectional communication
network, signals from the brain
can influence the motor,
sensory, and secretory
modalities of the GIT Enteric Nervous System neuroendocrine
and conversely, visceral _
messages from the GIT can Brain-
influence brain function.” gut axis

Parasympathetic NS

Sympathetic
NS

O’Mahony et al., 2011



Enteric Nervous System

Enteric Nervous System
(not discovered until late 1900’s is part of the autonomic
nervous system.)

500 million With reflexes and No thought

neurons senses can have processes (religion, | 90% of vagus nerve
o e e e philosophy, or information flow is

et has no o poetry) yetitcan | from the gut to the
y gut behavior alert you to danger — | brain — how much of

CONSCIOUS | whatelsedoesit | g inflyences your | thatis conscious?
th ou ght S control? response!

Recall, the autonomic nervous system is the network of peripheral nerves that control visceral functionality.




Enteric Nervous System
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Perturbation of normal
habitat via stress-induced
changes in gastrointestinal:

* Physiology

- Epithelial function

* Mucin production

« EE cell function

« Motility

Release of
neurotransmitters

Microbiota Gut Brain Axis

Activation of neural afferent
circuits to the brain

Activation of mucosal
immune responses

Production of metabolites that
directly influence the CNS




Microbiota Gut Brain Axis
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Pathological processes in which the microbiota—gut-
brain axis has been implicated.




MICROBIOTA
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MICROBIOTA

The human intestine harbors nearly 100 trillion bacteria that are essential for health.
The largest microbial component of the human microbiome is located in the large
intestine of the gastrointestinal (Gl) tract.

- critical contributions to metabolism by helping to break down complex polysaccharides
- critical to the normal development of the immune system.

Recent studies reveal the importance of gut microbiota to the function of the CNS.
MICROBIOTA—GUT—BRAIN AXIS:

A complex network of communication between the gut, the intestinal microbiota, and
the brain, modulating

- immune

-Gl

-and CNS functions.

It encompasses the CNS, the sympathetic and parasympathetic branches of the
autonomic nervous system, as well as the enteric nervous system and the
neuroendocrine and neuroimmune systems.



Impact of the gut microbiota on
the brain-gut axis.

Healthy CNS | | Stress and disease

s: pathobiont overg
ng loss of intestinal barrie

(leaky gut)

Healthy Gut

Key: —«@®» Pathobionts @ Symbionts 4’ SCFAs Q Neurotransmitter o Proinflammatory cytokines

TRENDS in Molecular Medicine




Impact of the gut microbiota on
the brain-gut axis.

Healthy CNS

Healthy Gut

Key: —<«@® Pathobionts @ Symbionts # SCFAs Q Neurotransmitter O Proinflammatory cytokines

In healthy individuals:
the normal dominant microbiota is relatively stable and forms a mutually beneficial rapport
with the host.



Impact of the gut microbiota on
the brain—gut axis.

Stress and disease

Perturbations may have serious consequences and has
the potential to exacerbate brain, digestive, and
metabolic disorders.

Bidirectional communication between the microbiota
and the CNS influences stress reactivity, pain
perception, neurochemistry, and several brain— gut axis
disorders.

The composition of the gut microbiota during critical
periods of CNS development is affected by a broad
range of factors. Perturbation of any of these factors
can lead to host stress or disease.

sbiosis: pathobiont overgrowth,
romoting loss of intestinal barrier
(leaky gut) :

Gut dysfunction

Key: —«@® Pathobionts @ Symbionts # SCFAs Q Neurotransmitter O Proinflammatory cytokines




Pathologies with associated dysbiosis.
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Neurological disorders with associated dysbiosis.

Gut
dysbiosis

Neurological disorders
* Schizophrenia

¢ Alzheimer disease

* Autism spectrum

* Attention-deficit
hyperactivity disorder

¢ Parkinson disease

* Multiple sclerosis

* Depression

* Huntington disease

* Anorexia nervosa?

* Epilepsy?

Mouse models influenced by gut microorganisms

Germ free compared with

specific pathogen free

L Alzheimer disease

! Anxiety and/or depression
Cognitive function

1 Multiple sclerosis

L Parkinson disease

! Sociability

Gut microbiota
manipulation

Neurological

Y showing gut
dysbiosis

disorder

* Depression

* Huntington
disease

mouse models

e Autism spectrum
* Schizophrenia

* Parkinson disease
¢ Alzheimer disease

* Multiple sclerosis

* Anorexia nervosa

Faecal transplant
¢ Alzheimer disease

* Autism spectrum disorder

* Depression

* Multiple sclerosis
* Parkinson disease
* Schizophrenia

Antibiotics

L Alzheimer disease
T Cognitive function
1 Multiple sclerosis
1 Parkinson disease

Probiotics
L Alzheimer disease

T Cogpnitive function

Anxiety and/or depression ) Multiple sclerosis

1 Autism spectrum disorder

1 Parkinson disease

(Needham et al., 2020)



Infection (PAMPs)

Pathogenic and non-pathogenic micro-
organisms (MAMPs) and tissue damage (DAMPs)

Commensal y
bacteria Pathogens

Stressed,
damaged
or infected
tissue

MAMPs DAMPs




Transmitting stress-induced inflammatory signals to the brain.

[ Infection (leaky gut) |

MAMP:

* Bacteria
*LPS

* Flagellin

Stres:

DAMP:

* HSPs

* Glucose
« HMGB1
» Uric acid
* ATP

Stres:

(Miller & Raison, 2016)



Transmitting stress-induced inflammatory signals to the brain.

Healthy gut
microbiota Dysbiosis
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Microbiota Gut Brain Axis at cellular level

G ;
* MAMPs
* Neurotoxins * MAMPs MAMPs
* Neurotransmitters * Amyloids

l

* Neurodegeneration
e Activation

¢ Inflammation
® Differentiation
* Myelination

Detrimental
1

* Inflammation
® Altered activity

A J
oy | Weakened B8
: Weakened BBB

A 4
Endothelial cell E

* Reduced inflammation * Reduced inflammation
* Maturation * Reduced inflammation * Reduced oxidative * Reduced oxidative
* Proliferation ¢ Differentiation stress stress
e Activation * Myelination ® Source of energy * Control dysreqgulated

* Protect cognition astrocytes

* Inflammation

Oligodendrocyte

Neuron
Microglia

* Reduced inflammation
* Reduced oxidative
stress

* Control dysregulated
astrocytes

Beneficial
1

(Needham et al., 2020)




Microbiota Gut Brain Axis

Gut-Microbiome-Brain Axis
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Dysbiosis- bacterial overgrowth >
'/ disruption in intestinal barrier

L {leaky gut)

2% Shortchained fatty acids

(SCFAs)

Neurotransmitters

) Proinflammatory cytokines

Pathobiont overgrowth and

/ transmittal through the gut lining

Gut microbiota
production of
neurotransmitters

Bacterial produced
neurotransmitters
might travel
retrograde to the
brain via the vagus
nerve where they
can induce CNS
effects

Gut microbiota may stimulate
inflammatory cell production
of cytokines

-
-----

Inflammatory
cytokines might
travel to the brain via
the systemic
circulation

Gut microbiota
production of metabolites

Bacterial metabolites
may reach the brain.
Such metabolites
might also stimulate
intestinal cells to
produce
neurotransmitters
that may result in
neural effects.




Intestinal barrier and neuropsychiatric diseases

.Y T
\_ Anxiety J Disrupted Intestinal Barrier \ Depression /

4 N - § v

K
\Cognitive Dysfunctiy .'\ Impaired Social |

| Potential neuropsychiatric consequences of a dysregulated intestinal barrier. Activation of brain-gut-microbiota Axis signaling pathways via a
compromised intestinal barrier with potential effects on mood, anxiety, cognition and social interaction.

(Kelly et al. 2015)



Microbiota Development

Prenatal

Infancy and childhood

Dietary, pre-probiotic
supplementation

TRENDS in Mblocular Medicne

Fgure 3. Windows of apportunity 1o modulate the microbloma of the infant prenatally and postatally. Miarobiata-gut-brai n communi ca ton during prenatal and postnatal
development is shown. Although still controversial, some avidence suggests that the microbiota of the infant befora birth is not starlle, but may be influanced by the
maternal immune state and nutriton. Prenatal and postnatal development undergoes vigorous neurodovalopmantal phases and it is passible that it may be indiractly
infiuonced by the fotal miarobial populaton (via microblota of tha mathar). This opens avenues for the devalopmant of nove! distary and microbe - madulating therapias,
which may diroctly and indirectly altar the composition of tha miaobiota and nourodevalopmant of the infant



Microbiota Development

Mode of nutritional provision Mode of delivery
Cesarean Vaginal
Breast- v Diet
feeding formula
Pre-probioti l
sup plement —
m —
-— —
Gestational age
_—

Maternal infection
Maternal disease  Maternal stress Environmental Antibiotics

YO

Figwe 4. Factors influancing tha devalopmant of the infant microbiota. Several factors play a rale in shaping of the bactarial landscape in the davelopmant of the infant
microblota. In addition to mode of binth, mode of aarly nutdton, anvironment, other factors such as gatational age, genetics, and hospitalization, aiso influance the
microbial composition of the infant. infactions {both maternal and infant] and antibiotic usage influance tha trajactory of the developing microbiota as does the saloctve
transient enrichment by probiotcs and prebiotics. Taken together, such a plathora of factors with the ability to modulate the microbiota developmant suggest tha
importanca of environmantal infuence superimposnd over genetics in the astablishmant of a core microblome.

TRENDS in Mokbcoular Medianc




Microbiota And Brain Development
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TRENDS in Molecular Medicine

Childhood and adolescence are critical developmental windows sensitive to damage.
Disruptions of dynamic microbiota increase the risk of (or lead to) neurodevelopmental

disorders.



Strategies used to investigate the role of the MGB
axis in health and disease.

Germ-free studies

T e

<

Infection studies

180

Microbiota—gut-brain axis

Probiotic studies

Faecal transplantation studies K

B
5

(Cryan & Dinan 2012)
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B. fragilis Treatment Corrects ASD-Related Behavioral

Abnormalities
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Microbiota Modulate Behavioral and
Physiological Abnormalities Associated
with Neurodevelopmental Disorders
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Microbiota And Neurodevelopmental Disorders

Both clinical and preclinical studies

Important role for the gut microbiota in the pathogenesis of ASDs,
novel therapeutic strategies in managing neurodevelopmental disorders via microbiome-
based treatment.

Bacteroides fragilis given in early adolescence has been shown to ameliorate some, but not
all, of the behavioral dysfunctions

The gut microbiota may be modified in throughout life and possibly pregnancy.

Early preweaning and adolescence periods appear to be critical periods for modifying
enteric microbiota with the potential to prevent the development of abnormal
behaviors.

Consequently, it is becoming clear that understanding the early interaction between the
intestinal microbiota and the host opens novel avenues for nutritional/therapeutic
interventions in at-risk populations, particularly for infants and young children.



Microbiota And Brain Development
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Childhood and adolescence are critical developmental windows sensitive to damage.
Disruptions of dynamic microbiota increase the risk of (or lead to) neurodevelopmental

disorders.



Microbiota And Neurodevelopmental Disorders: Critical period

CRITICAL PERIOD

Mature Brain

Fetal Brain

Glutamate
Reuptake

|TNF L1, IL-6, HMGB1 |
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VAGUS NERVE

Postsynaptic
Spine
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GUT MICROBIOTA

there is a “critical period” that is a developmental window during which the gut flora can
influence the developing brain.



Microbiota And Neurodevelopmental Disorders

probiotic treatment of mice with autism features

= oum & =
alters the composition : = e
=
of the gut microbiota s o oF
- S a " = - 2

improves epithelial qﬂ"
barrier integrity

reduces leakage of
particular Gl metabolites J

restores serum metabolites n

ameliorates specific autism-related behavioral abnormalities
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Offspring of Immune-Activated Mothers Exhibit GI
Symptoms of Human ASD
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Pregnant C57BL/6M mice (Charles River; Wilmington, MA) were injectedi.p.on
E12.5 with saline or 20 mg/kg poly(l:C) according to methods described in
Smith et al. (2007). All animal experiments were approved by the Caltech
IACUC.

B. fragilis Treatment

Mice were selected at random for treatment with B. fragilis NCTC 9343 or
vehicle, every other day for 6 days at weaning. 10" CFU of freshly grown
B. fragifis, or vehicle, in 1.5% sodium bicarbonate was administered in
sugar-free applesauce over standard food pellets. The same procedure was
used for mutant B. fragilis PSA and B. thetaiotaomicron.

Figure 1. MIA Offspring Exhibit Gl Barrier
Defects and Abnormal Expression of Tight
Junction Components and Cytokines

(&) Intestinal permeability assay, measuring FITC
intensity in serum after oral gavage of FITC-
dextran. Dextran sodium sulfate [DSS): n= B, 5
(saline+vehicle): adult n = 16; adolescent n=4, P
(poly(l:C)}+vehicle): adult n = 17; adolescent n = 4.
Data are normalized to saline controls.

(B) Colon expression of tight junction components
relative to p-actin. Data for each gene are
nomalized to saline controls. n = 8/group.

(C) Colon expression of cytokines and inflamma-
tory markers relative to f-actin. Data for each gene
are normalized to saline controls. n = 6-21/group.
(D) Colon protein levels of cytokines and chemo-
kines relative to total proteincontent. n = 10/group.
For each experiment, data were collected simul-
taneously for poly(l:C)+B. fragilis treatment group
(See Figure 3). See also Figure 51.
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Fig. 1. GF mice display increased spontaneous motor
activity. (4) Bars show cumulative distance traveled
(meters) per zone and in the entire box (total) during the
&0-min open field test session by SPF (open bars) and GF
(filled bars) mice. (B) Average distance traveled (meters)
measured in 10-min time bins across a 80-min session in
an open field box. (Inset) Bars show cumulative ditance
traveled (meters) during the initial 10 min and the 20- to
B0-min time interval of open field testing. (C) Represen-
tative tracks of movement patterns of SPF and GF mice at
the 0-10, 30-40, and 50-60 min time intervals of the
B0-min open field test session; distance traveled and
rearing activity is shown in dark red and blue colors, re-
spectively. (D) The time that SPF and GF mice spent in
slow (=5 cmifs) or fast (=20 cms) locomaotion during the
initial 10 min of testing and the 20-60 min time interval.
(E) Rearing activity of SPF (white), GF (bladck), and con-
ventionalized (CON; light gray) mice. Cirdes show the
average number of rears measured in 10-min time bins
across a 60-min session in an open field box. (F) Rearing
activity of SPF, GF, and adult COM mice (dark gray); lines
connecting cumulative data in B, E, and Fwere drawn for
darity only. All data (A B, and D-F) are presented as
means (= SEM; n= 7-14 per group). *P < 0.05 compared
with SPF mice.
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Fig. 2. GF mice display reduced anxiety-like behavior. (4) Bars show time
(seconds) spent in the light and dark compartments during a S-min light-
dark box test by the SPF and GF mice. (B) Bars show tirme (seconds) spent in
each area of the elevated plus maze by the SPF and GF mice during a 5-min

test session. All data (4 and B) are presented as means (+5EM; n = 7-9 per
group). *P < 0.05 compared with SPF mice.



Microbiota And Neurodevelopmental Disorders

A oo, B o * C ow
r
0.1% [ i
025 4
08 { —=— hE0
0.20 T - —T—
o 0,50
= - 2 ges i
8 018 E ﬁ- 0.4
e 3 0.08 =z
= I o
0.10 2 0.4 | @
' .20
0.05 - 0.0z VR[]
.00 - 0.04 000
SPF 5PF SPF GF
A Frontal Gorex Striatum Hippocampus

GF1 GFI S5PF1 5PF2 CON1 CONZ GF1 GFZ SPF15PFZ CONYCONZ GF1 GF2 S5PF1 SPFZ COMNT CONZ

ey ——

B Frental Cariex Striatum Hippocampus

GF1 GF2 SPF1 5PF2 COMY CONZ OF1 GF2 SPF1SPF2 CONY CONZ GF ©GFZ2 SPF{ SPF2 COM1 CONZ

i 0 e e e e 0 s e S
aetnanen; R — . — . —. ———— — —

Fig. 3. GF mice show elevated NA DA, and 5-HT
turnover in the striatum. The hetogrames depict the
mean ratios (= SEM; n= & per group) for MHPG/NA
(A), DOPAC/DA (B), and 5-HIAAS-HT (C) in the
striatum of male GF and SPF mice. Asterisks denote
where GF mice differ significantly (P < 0.01) from
SPF mice.

Fig. 8. GF mice show higher expression of synaptic-
related proteins in the striatum compared with SPF
mice. Representative Western blot films for syne-
aptophysin (4) and PSD-95 (8) protein expression in
the frontal cortex, striatum, and hippocampus of
two male GF, SPF, and COM mice (for further details,
see Table 1).
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- ; Fig 7-www.hindustanlink.com
Fig 6- www.deviantart.com

* Lack of microbiota and elevated pro-
inflammatory cytokines is seen in

schizophrenic patients compared to controls.
(Francesconi et al., 2011, and Song et al., 2013)

Side effects associated with Schizophrenia
such as metabolic syndrome and autoimmune
disorders could be attributed to changes in
microbiota. However no theories are proven.




Microbiota And Adult Neurogenesis
Correspondence s

Adult Hippocampal Neurogenesis Is Regulated by least significant difference post hoc test for group-wise
the Microbiome comparisons.
Across the total SGZ, cell proliferation (Figure 1A) was

To the Editor: increased in GF and GF-C mice, although the effect did not
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Figure 1. Gesn-tee mice exhbit incrased adul hppocampal neutgeness. Gesn-fee and gesn-Fee—colonized mice exhbit a tend for inceased cdl
prolifersfion a5 measured by tromodeoxyuridine immunohisiochemisty (A). The survivdl of newly bomn calls is Significanty inceaasad in the darsal, bt not
vertml hippocampus of garm-frée and gesn-Fee—colonized mice (B). The suvival newly ban neurans is ingeased n geen-Fee and gesn-fee—colonized
mice (C), and this eflect ocours referentially in e dorsdl hippocamgs (C, D —upper paneks) and not the venta hippocamges (C, D—lower panes). *p <
05, “p < 01 significanty dffermrt fom comvenSorally colorized control mice. BrdJ, tramodeoxyuridine; CC, convenfionally cdonired; DHI, domsal
hippocarmpus; GF, gem-fme; GF-C, germ-fme colorized; NeuN, neurand nucheus; VHL, ventd higpocampus.




Microbiota Gut Brain Axis at cellular level
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The Microglial Side Of The Microbiota—gut-brain Axis

Microglia: brain macrophages

and plasticity
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The Microglial Side Of The Microbiota—gut-brain Axis
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The Microglial Side Of The Microbiota—gut-brain Axis

Germ-free Conventionally raised GF animals display global defects in microglia:

* Increased expression of maturation and
activation marker in GF microglia.

 M1- and M2-related genes were only
marginally changed, whereas most differently
regulated genes were found to localize in the
MO cluster, indicating that microglia steady-

Mouse
intestine

" : state condition was severely altered in the
m absence of microbiota.
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Lack Of Microbes Impairs Microglia Morphology
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Antibiotic Treatment Induces Immature And Malformed
Microglia That Can Be Restored By SCFA Administration
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Microglial Control Of Synaptic Development

Microglia change synapse number
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Developing CC3CR1 KO Mice Display Immature Synaptic

Features
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Defective Microglial Development In CX3CR1 KO Mice
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