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Living in a Microbial World….
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The War on Bacteria

5http://www.youtube.com/watch?v=Poxt-D8d0zg&feature=player_detailpage

http://www.youtube.com/watch?v=Poxt-D8d0zg&feature=player_detailpage





http://apc.ucc.ie

6

The Forgotten Organ?
 Bacteria density increases in the 

jejunum/ileum from the stomach 
and duodenum

 In the large intestine, colon-residing 
bacteria achieve the highest cell 
densities recorded for any 
ecosystem

 Exert a range of protective, 
structural and metabolic effects on 
the intestinal mucosa 6Grenham, Clarke et al., Frontiers in Physiology 2011
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The Gut Microbiome in Disease
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Forgotten Organ No More!
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Where do we get our microbiota from?

Grenham et al., 2011
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GI microbiota over lifetime

Stress response
Immune development

Inflammation
Immunosenesence

ELITE ATHLETE

ELITE ATHLETE

INFANT

FRAIL ELDERLY  

Cryan and Dinan, J Physiology 2017
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Factors Defining the Gut Microbiome

 Characteristics of gut microbiome

 Stable and chaotic periods

 Diversity narrows in disease states

 Modifiable

Clarke et al., Pharmacological Reviews 2019
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Alpha and Beta Diversity

Stoll et al, The Rheumatologist 2016

 Alpha diversity is a measure of the
compositional complexity of a
community within a site

 Alpha diversity increases with the
number of present species and
with the evenness of their relative
abundances

 Beta diversity looks at difference in
taxonomic abundance profiles from
different samples

 Presence–absence data are often
used to identify which species are
shared by samples and which are
not.

Backhed et al, Cell 2015

Beta diversity
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Diversity is Key
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Microbiome

Microbiota
~100 trillion cells
~3 million genes

Human
~10 trillion cells

~23 thousand genes

© Charis Tsevis
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The brain-gut –(microbiota) axis

Kennedy P.J. et al., Neurosci. Biobehav. Rev (2012).

Permeability Mood/
Emotion 

Basic Functions Complex Functions

Secretion

Motility

Mucosal 
immunity

Visceral Pain

Hunger/ 
satiety

Cognition
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Signalling Along the Brain-Gut-Microbiota axis

Cryan and Dinan, Nat Rev Neurosci Oct 2012
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Microbiota and Neurodevelopment

Borre et al., Trends Molecular Medicine 2014
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C-section and Infant Microbiome

Dominguez-Bello at al, PNAS 2010



http://apc.ucc.ie

The Gold Standard

Borre et al. Trends Mol Med  2014
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Prenatal stress induced long-lasting
alterations in HPA responsivity and in
gut microbiota; Abundance of distinct
bacteria correlated with stress
response
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Meckel and Kiraly, Nature 2020
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Low Cumulative Stress High Cumulative Stress
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Microbiota, Brain and Behaviour

Clarke et al., Encyclopedia Metagenomics 2013



http://apc.ucc.ie

 FST is the most widely-used 
pharmacological model for assessing 
antidepressant activity preclinically.

 Animals will develop an immobile posture 
when placed in an inescapable cylinder of 
water.

 This immobility is thought to reflect 
either, a failure of persistence in escape 
directed behavior i.e. behavioral despair, 
or the development of passive behavior 
that disengages the animal from active 
forms of coping with stressful stimuli.

Forced Swim Test (FST)

Immobility Swimming Climbing

Cryan et al., Trends Pharmacol Sci, 2002
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Forced Swim Test

36
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Forced Swim Test

• Effects of Fluoxetine and Desipramine in the modified forced 
swim test. 

- (A) Fluoxetine decreased immobility time in the forced swim 
test and increased swimming behavior

- (B) Desipramine decreased immobility time in the forced 
swim test and increased climbing behavior

Slattery et al., J Pharmacology, 2004
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Tests for Assessing Anxiety Response

Cryan and Holmes, Nat Rev Drug Discov. Sept 2005
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Elevated Plus Maze

39
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Germ-Free Living?

Kirk, R, Bulletin of the History of Medicine, 2012
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Microbiota Regulates Anxiety

Germ-free animals 
have lower anxiety-like 

behaviours

Clarke et al., Mol Psychiatry 2013
Probiotic reduces 

anxiety-like behaviours

Bravo et al., PNAS Sept 2011



http://apc.ucc.ie

Microbiota Regulates Anxiety

Scream adapted, New Scientist, March 12 2013

Probiotics
Microbiota 

Transplantation

Antibiotics
Infection

Microbiota 
Transplantation

The Scream (Edvard Munch)

http://email.newscientist.com/cgi-bin1/DM/t/nCvdH0MWmHU0BbwZ0qeEa0EB
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Early Life Stress and Microbiota

Moloney et al., 2015. Front Psychiatry .16;6:15

Group Mean Similarity % SEM
Non Separated 75.2 16.8
Maternally 
Separated

59.9 * 21.0

Diversity of Microbiota
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Early Life Stress results in visceral hypersensitivity
http://apc.ucc.ie 

O’Mahony et al., 2009; 2012

Pain Behaviours
O’Mahony et al. Psychopharmacology (2011) 
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Stress, Microbiota & Visceral Pain

Moloney et al., CNS Neurosci & Ther, 2016
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Stressors

“It’s not stress that kills us, it is our reaction to it”.
Hans Selye
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Microbiota Controls Stress Response

Probiotic Reduces 
Stress-induced 

Corticosterone Levels

Bravo et al., PNAS Sept 2011

Germ-free animals 
have an 

exaggerated stress 
response
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Functional Annotation of Brain Regions

Schloesser et al., 2012
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Dendritic Hypertrophy of 
Basolateral Amygdala Neurons

Microbiota Determines Amygdala Volume 
& Dendritic Morphology

CC = Conventionally Colonised
GF = Germ Free
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Anatomical 
correlates of  

abnormal 
fear and 

anxiety can 
be localised 

to the 
amygdala in 

germ-free 
animals using 

cued fear 
conditioning 
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pyramidal neurons of GF mice

Reduction in ACC and increase in 
PAG volume in GF mice

Morphological changes in pain-related brain 
areas of germ free mice

Luczinski, Tramullas et al., eLIFE 2017
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Regulation of Prefrontal Cortex 
Myelination by the Microbiota

http://apc.ucc.ie
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Abnormal Brain Development in Microbiota
Deficient Mice: Hippocampus

Clarke et al., Mol Psychiatry 2013

Groves et al., Mol Psych 2007
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The Germ-free Phenotype

Spichak et al., Drug Dis Today 2019
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Signalling Along the Brain-Gut-Microbiota axis

Cryan and Dinan, Nat Rev Neurosci Oct 2012
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Tryptophan – A (microbial) Building Block
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The Kynurenine Pathway

O’Mahony et al, Behavioural Brain Research 2015
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Microbiota Regulates Tryptophan Metabolism



Microbial Regulation of Hepatic Gene Expression

Gheorghe et al, Unpublished dataKennedy et al., World J Gastro 2014
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Tryptophan depletion normalizes depression-like behavior of  germ-free 
animals
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Restoring 
intestinal 

Lactobacillus
levels 

normalized 
stress-

induced 
behavior and 
suppressed  
kynurenine
production
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Stress alters Serotonergic Signalling in the 
Gut-Brain axis

Gheorghe et al., Curr Opin Pharm 2019
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Lyte et al., Unpublished data

Trp
Indole



http://apc.ucc.ie



http://apc.ucc.ie



http://apc.ucc.ie

Summary 

Kennedy et al., Neuropharmacology 2017
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Signalling Along the Brain-Gut-Microbiota axis

Clarke et al., Pharmacological Reviews 2019
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Anxiety-like 
behaviours
reduced by 

targeted 
increase of  

acetate in colon
using aceylated

starch
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Treatment with L. reuteri
rescues social deficits in 

several ASD mouse 
models and in germ-free 

mice via the vagus
nerve. 
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Translational Research

Cryan et al., Trends in Pharmacol. Sci. 2002

Gary Larson
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Human vs Mouse Brain

Cryan and Holmes, Nature Rev Drug Discov. Sept 2005
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Human vs Mouse GI Tract



Microbiota-Gut-Brain Axis
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Depression
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Neurobiology of Depression
CRP
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Kennedy et al., World J Gastro 2014

Kynurenine/Tryptophan

Controls Depression
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Alterations in 
tryptophan 
metabolism

Kelly et al., J Psych Res 2016
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Altered Microbiota in Depression
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reduced in 
depression

Kelly et al., J Psych Res 2016
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Transfer of Depressive Phenotype

Kynurenine/Tryptophan
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Dinan and Cryan, Nature Microbiology 2019
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Irritable Bowel Syndrome
Functional gastrointestinal Disorder

Abdominal pain, constipation, 
diarrhoea

Visceral Hypersensitivity

Mertz et al., Gastroenterology 2000

Vincent van Gogh’s “At 
Eternitys Gate”
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Only the microbiota from IBS subjects with comorbid anxiety 
induced anxiety-like behaviours in the recipient animals
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Acute Stress Challenges - TSST

87
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Sustained Cortisol Response to Acute Stress in IBS 
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Cognitive Neurobiology of IBS

Can 
modulation of  

the gut 
microbiota

affect 
cognitive 

performance in 
humans?
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Baseline: Visuospatial memory deficit  

6 & 12 months: Consistent memory deficit 



http://apc.ucc.ie



http://apc.ucc.ie

Brain levels:
Kynurenine?

Tryptophan competes with other 
LNAAs to cross blood brain barrier

Acute tryptophan depletion (ATD)

Amino 
Acid Drink
(no TRP)

L-Alanine 
L-Argine

L-Cysteine 
Glycine 

L-Histidine
L-Isoleucine

L-Leucine
L Lysine

L-Methionine 
L-Phenylalanine

L-Proline
L-Serine 

L-Threonine
L-Thyrosine

L-Valine
Ruddick et al., Expert Rev Mol Med (2006)
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Reducing Kynurenine Improves Performance?

Acute tryptophan depletion significantly 
depletes plasma kynurenine levels 

Acute tryptophan depletion significantly 
depletes plasma tryptophan levels 
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An Updated Model of Brain-Gut Axis Dysfunction

Cognitive
Impairment

Risk Factors

Hypervigilance
Somatisation

Catastrophizing 

Trigger Factors Perpetuating Factors

Brian-gut 
axis 

dysfunction
Genetic

Early life Stress

Pathological 
Stress

Psychosocial 
Stressors

Infection
Surgery

Antibiotics

A cognitive neurobiological model of brain-gut axis dysfunction: Focus on IBS. 
Adapted from: Mayer E A et al., Am J Physiol Gastrointest Liver Physiol (2001). 
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Drug-Microbiome Interactions

Clarke et al., Pharmacological Reviews 2019
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25% of  human targeted 
drugs evaluated had 

antimicrobial activity and 
antipsychotics as a class 

may have this property
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Are Gut Feelings the Real Deal?
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Perspectives

• Probiotics
• Prebiotics
• Diet
• Faecal transplants
• Microbial consortia
• Metabolites

The gut 
microbiota 

plays a role in 
determining 

mental health -
we can mine 

for, and target 
with, 

psychobiotics
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B. longum reduces stress response in 
healthy human volunteers
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Allen et al., 2016, Trans  Psych 
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Psychobiotic modulated resting neural activity and 
neural responses, measured using 

magnetoencephalography, during social stress
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Prebiotic reverses consequences of  chronic stress

Anxiety

Social 
behaviour and 

cognition
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Let food be thy medicine
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Let food be thy medicine
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Andrea Levy, The Plain Dealer
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Early Life Factors
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Towards Psychobiotics: Focus on Mechanisms

Long-Smith et al 2019, Annual Review Pharmacology and Toxicology

The New Yorker
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Summary & Conclusions
 Promising preclinical and clinical research

 Regulates behaviours and physiology relevant to 
neurogastroenterology

 Increasing translational efforts

Mechanistic insights and focus on causation

 Fact or fiction: Expect some attrition along the 
way

Microbial-based strategies for the treatment of 
stress-related gut-brain axis disorders? 
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