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SUMMARY 
	
  

Bacterial colonisation of the intestine has a major role in the post-natal 
development and maturation of the immune and endocrine systems. These 
processes are key factors underpinning central nervous system (CNS) sig-
nalling. Regulation of the microbiota-gut-brain axis is essential for main-
taining homeostasis, including that of the CNS. Moreover, there is now ex-
panding evidence for the view that commensal organisms within the gut 
play a role in early programming and later responsivity of the stress system. 
Research has focused on how the microbiota communicates with the central 
nervous system (CNS) and thereby influences brain function. The routes of 
this communication are not fully elucidated but include neural, humoral, 
immune and metabolic pathways. This view is underpinned by studies in 
germ-free animals and in animals exposed to pathogenic bacterial infections, 
probiotic agents or antibiotic agents which indicate a role for the gut micro-
biota in the regulation of mood, cognition, pain and obesity. Thus the con-
cept of a microbiota-gut brain axis is emerging which suggests that modula-
tion of the gut microflora may be a tractable strategy for developing novel 
therapeutics for complex stress-related CNS disorders where there is a huge 
unmet medical need.  

 
 

INTRODUCTION 
 
The fields of microbiology and neuro-
science in modern medicine have 
largely developed in distinct trajecto-
ries, with the exception of studies fo-
cused on the direct impact of infectious 
agents on brain function, which include 
early investigations of syphilis to more 
recent studies of neuroAIDS. In addi-
tion to the direct effect of bacteria on 
CNS function, the field of psycho-
neuroimmunology has emerged to pro-
vide a framework as to how pathogenic 
bacterial agents can alter brain func-
tion. Thus, the role of the CNS in medi-
ating the behavioural responses to in-
fections ranging from “sickness behav-

iour” to septic encephalopathy has been 
advanced significantly. More recently, 
a new concept has emerged which indi-
cates that commensal bacteria can also 
affect brain function in both health and 
disease. In this review we discuss the 
evidence to date and delineate how har-
nessing such pathways may provide for 
a novel approach to treat a variety of 
disorders of the brain-gut axis. 

It is increasingly recognized that 
the brain-gut axis provides a bi-direc-
tional homeostatic route of communica-
tion which, if dysfunctional, can have 
important pathophysiological conse-
quences (Mayer, 2011). This axis is 
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Figure 1: Strategies used to investigate the role of the microbiome gut brain axis in health and 
disease 

regulated at neural, hormonal and im-
munological levels and alterations in 
brain-gut interactions are associated 
with gut inflammation, chronic ab-
dominal pain syndromes and eating
disorders (Mayer, 2011). Indeed, mod-
ulation of brain-gut axis function is as-
sociated with specific alterations in the 
stress-response and overall behaviour 
(Rhee et al., 2009). The high co-
morbidity between stress-related psy-
chiatric symptoms such as anxiety with 
gastrointestinal disorders including irri-
table bowel syndrome (IBS) and in-
flammatory bowel disorder (IBD) 

(Reber, 2012) is further evidence of the 
importance of this axis. Thus modula-
tion of the brain-gut axis is being seen 
as an attractive target for the develop-
ment of novel treatments for a wide 
variety of disorders ranging from obe-
sity, mood and anxiety disorders to GI 
disorders such as IBS (Mayer, 2011). 
In addition, increasing evidence also 
suggests that the enteric microbiome 
can greatly influence all aspects of 
physiology (Clemente et al., 2012; 
Sekirov et al., 2010) not least of which 
is its ability to impact on gut-brain 
communication. 

THE MICROBIOTA
 

The human gastrointestinal tract (GIT) 
is inhabited with 1013-1014 microorgan-
isms, which is >10 times that of the 
number of human cells in our bodies 
and 150 times as many genes as our 
genome (Gill et al., 2006; Qin et al., 
2010), and thus often referred to as the 
“forgotten organ” (O'Hara et al., 
2006). Our appreciation of the relation-

ship between the microbiome and host 
is changing rapidly and it now can be 
viewed as being mutualistic (with both 
partners experiencing increased fitness) 
(Backhed et al., 2005), playing a cru-
cial role in the development and func-
tionality of the innate and adaptive im-
mune responses (Olszak et al., 2012; 
Round et al., 2010) regulating gut mo-
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tility, intestinal barrier homeostasis, 
nutrient absorption and fat distribution 
(Backhed et al., 2004; Bercik et al., 
2012). Over the past 5 years significant 
advances have been made in the tech-
nology for assessing microbiota com-

position at the genetic level (Fraher et 
al., 2012; Qin et al., 2010) that is also 
having an immense impact on increas-
ing our understanding of host-microbe 
interactions. 

THE MICROBIOTA-GUT BRAIN AXIS AND BEHAVIOUR
 

Taken together, it is thus perhaps not 
surprising that there is a growing body 
of literature focused on assessing the 
impact of enteric microbiota on brain 
and behaviour and the concept of the 
microbiome-gut-brain axis is emerging. 
The general building blocks of this axis 
include the CNS, the neuroendocrine 
and neuro-immune systems, the sympa-
thetic and parasympathetic arms of the 
autonomic nervous system (ANS) and 
the enteric nervous system (ENS) along 
with the intestinal microbiota, which is 
being increasingly viewed as the cor-
nerstone. These components converge 
to form a complex reflex network with 

afferents that project to integrative
CNS structures and efferents to smooth 
muscle (Mayer, 2011). Crucially, this 
axis functions bi-directionally (Mayer, 
2011). Approaches used to parse the 
role of gut microbiota on brain function 
(see Figure 1) include using germ-free 
animals, assessing the impact of probi-
otic agents, antibiotic-induced dysbio-
sis and pathogenic infections (Cryan
and O'Mahony, 2011). In addition, 
accumulating studies have also shown 
that manipulations known to impact
brain function (e.g. stress) also impacts 
microbiota composition (Dinan et al., 
2012). 

GERM-FREE ANIMALS
 

The use of germ-free (GF) animals ena-
bles the direct assessment of the role of 
the microbiota on all aspects of physi-
ology. In these animals surgical deliv-
ery replaces the normal birthing pro-
cess, thus eliminating the opportunity 
for post-natal colonization of the GIT 
and allows for direct comparison with 
their conventionally colonized counter-
parts. In a landmark study, Sudo and 
colleagues (Sudo et al., 2004) provided 
direct evidence that intestinal microbi-
ota plays a key role in the development 
of the hypothalamic-pituitary-adrenal 
(HPA) axis. In GF mice a mild restraint 
stress induced an exaggerated release 
of corticosterone and adrenocorticotro-
phin hormone compared to the specific
pathogen free controls. The stress re-

sponse in the GF mice was partially
reversed by colonization with faecal 
matter from control animals and fully 
reversed by mono-association with 
Bifidobacterium infantis in a time de-
pendant manner (Sudo et al., 2004). 
These data clearly demonstrated that 
the microbial content of the GIT is crit-
ical to the development of an appropri-
ate stress response later in life and also 
that there is a critical window in early 
life where colonization must occur to 
ensure normal development of the HPA 
axis. From a neuronal point of view, a 
decrease in brain derived neurotrophic 
factor (BDNF), a key neurotrophin in-
volved in neuronal growth and sur-
vival, and decreased expression of the 
N-methyl-D-asparaginezuur (NMDA) 
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receptor subunit 2a (NR2a) in the cor-
tex and hippocampus of GF animals 
compared to controls was also ob-
served. However, it took a further 
seven years for these findings to be fol-
lowed up at a behavioural level. Three 
independent groups have now shown 
that GF animals (from different strains 
and genders) have reduced anxiety in 
the elevated plus maze or light dark 
box (Clarke et al., 2012a; Heijtz et al., 
2011; Neufeld et al., 2010), but see 
(Gareau et al., 2011) The mentioned 
tests are widely used to assess anxiety 
related behaviour (Cryan and Sweeney, 
2011). These findings are somewhat 
puzzling as it is opposite to what one 
would have been predicted based on 
the exaggerated HPA axis. Interest-
ingly, Neufeld and colleagues (Neufeld 
et al., 2010) also reported changes in 
BDNF, NR2B and 5-HT1A receptor
mRNA expression in GF mice. How-
ever, it is worth noting that the direc-
tion of such changes is not in agree-
ment with data reported by Sudo et al. 
(2004) From a cognitive point of view 
GF mice displayed deficits in simple 
non-spatial and working memory tasks 
(novel object recognition and spontane-
ous alternation in the T-maze). Future 
studies should focus on enhancing the 
repertoire of behavioural cognitive as-
says employed. However, maintaining 

animals GF and conducting complex 
behavioural studies is not a trivial 
logistical hurdle.

More recently, we have shown that 
GF animals have a significant elevation 
in the hippocampal concentration of 5-
HT and 5-HIAA, its main metabolite, 
compared with conventionally colo-
nised control animals (Clarke et al., 
2012a). Concentrations of tryptophan, 
the precursor of serotonin, are also in-
creased in the plasma of GF animals, 
suggesting a humoral route through
which the microbiota can influence 
CNS serotonergic neurotransmission. 
Interestingly, colonisation of the germ-
free animals post-weaning is insuffi-
cient to reverse the CNS neurochemical 
consequences in adulthood of an absent 
microbiota in early-life despite the pe-
ripheral availability of tryptophan be-
ing restored to baseline values. Gender 
may play a role in such effects. Indeed, 
we have recently shown that many of 
the neurochemical but not endocrine or 
immune effects of growing up in a 
germ-free environment are only evident 
in male animals (Clarke et al., 2012a). 
Further behavioural studies, including 
the use of other species such as germ-
free rats will greatly expand our 
knowledge of the role of microbiota in 
stress-related disorders. 

PROBIOTICS
 

Probiotics are live organisms that, 
when ingested in adequate quantities, 
exert a health benefit on the host 
(Gareau et al., 2010; Quigley, 2008). 
Probiotics are reported to have a wide 
variety of effects in both human and 
animal studies (Gareau et al., 2010; 
Quigley, 2008). Increasing evidence 
points to beneficial effects of various 
probiotics in the treatment of the gas-
trointestinal symptoms of disorders 

such as IBS (Clarke et al., 2012b). 
Moreover, there is some clinical evi-
dence to support the role of probiotic 
intervention in reducing the anxiety
and stress response as well as improv-
ing mood in IBS patients and those 
with chronic fatigue (Logan et al., 
2005; et al., 2009). Recently, a study 
assessing the effect of a combination of 
Lactobacillus helveticus and B. longum 
on both human subjects and rats 
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demonstrated the ability of this probi-
otic cocktail to reduce anxiety in ani-
mals and had beneficial psychological 
effects with a decrease in serum corti-
sol in patients (Messaoudi et al., 2011). 
While the mechanism of action is not 
known it has been postulated that pro-
biotic-induced effects on pro-inflam-
matory cytokines, oxidative stress and 
in nutritional status may contribute to 
such effects (Cryan and O'Mahony, 
2011; Logan et al., 2005).

Recently we have shown that a bac-
terium of the Lactobacillus species L. 
rhamnosus (JB1), decreases anxiety
and despair-like behaviour as well as 
reducing the stress-induced increase of 
corticosterone in mice (Bravo et al., 
2011). Moreover, this potential probi-
otic alters the mRNA expression of 
both GABAA and GABAB receptors in 
the CNS. Alterations in these receptors 
are associated with anxious and depres-
sive-like behaviours in animal models. 
Interestingly, these effects are vagus-
dependent as vagotomy prevented the 
anxiolytic and antidepressant effects of 
this bacterium as well as the effects on 
the central GABA receptors. This sug-
gests that parasympathetic innervation 
is necessary for L. rhamnosus to par-
ticipate in the microbiota-brain interac-
tion. Whilst there have been studies 
showing that potential probiotics can 
reverse the effects of colitis, infection 
or stress these data are the first to our 
knowledge to show beneficial effects in 
animal assays used to assess anxiolytic 
or antidepressant activity (Cryan and 
Sweeney, 2011). 

Indeed, previous studies have 
shown that the probiotic B. longum 
NCC3001 but not L. rhamnosus 
NCC4007 reversed colitis-induced anx-
iety and alterations in hippocampal
BDNF without impacting gut inflam-
mation or circulating cytokines (Bercik 
et al., 2010; Bercik et al., 2011a). The 
anxiolytic effect of B. longum NCC3001 
was absent in mice with vagotomy, 
suggesting a neural mechanism, which 
was confirmed by ex vivo electrophysi-
ological studies, in enteric neurons 
(Bercik et al., 2011b). We have also 
shown that probiotic agents such as B. 
infantis can modulate antidepressant-
like behaviour in a maternal separation 
model (Desbonnet et al., 2010) and 
modulate peripheral pro-inflammatory 
cytokine and tryptophan concentrations 
both of which have been implicated in 
depression. Finally, exciting studies are
emerging showing that brain fatty acid 
concentrations (including stearic acid, 
arachidonic acid, and DHA) can be ele-
vated in mice whose diets were supple-
mented with B. breve NCIMB 702258 
(Wall et al., 2012). Interestingly, this 
effect was bacterial strain dependent as 
it was not induced by another B. breve 
strain DPC 6330. Taken together, cer-
tain probiotic strains can modulate 
various aspects of the microbiome-gut-
brain axis some of which are vagus de-
pendent. However, it is clear that cau-
tion needs to be exercised when gener-
alising such effects from one bacterial 
strain to another and efforts need to be 
directed at identifying the mechanism 
of how each strain induces their effects. 

PAIN
 

Some of the most convincing data on 
the microbiome-gut-brain axis emerges 
from the pain field. Visceral pain is a 
pronounced and, at times, dominant 
feature of a variety of gastrointestinal 

disorders, including IBS. Recurrent, 
episodic but often unpredictable painful 
events can exert a disabling impact on 
daily life and result in impairment of 
several domains of quality of life. Vis-
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ceral pain perception is regulated by 
complex mechanisms. These include 
peripheral sensitization of sensory
nerves whereas the central processing 
of visceral nociception is mediated at 
both cortical and subcortical levels by 
pathways also involved in the pro-
cessing of psychological stress. Spe-
cifically, the prefrontal cortex has been 
shown to play an integral role in these 
processes, with imaging studies in hu-
mans (Mayer et al., 2008; Mertz et al., 
2000) and animal (Gibney et al., 2010; 
O'Mahony et al., 2010; Wang et al., 
2008) showing activation of the ante-
rior cingulate, pre-limbic and infra-lim-
bic cortices in response to painful and 
stressful stimuli. Growing evidence 
suggests that both central and periph-
eral mechanisms could be affected by 
intestinal microbiota. In animal studies, 
probiotics (mostly Lactobacilli and 
Bifidobacteria) have been shown to 
alleviate visceral pain in stress models 
(Ait-Belgnaoui et al., 2006; Gareau et 
al., 2007; Johnson et al., 2011; 
McKernan et al., 2010; Rousseaux et 
al., 2007; Verdu et al., 2006). This has 
also been also the case clinically with 

many different probiotics showing ben-
eficial effects in abdominal pain
(Bercik et al., 2012; Clarke et al., 
2012b). The mechanisms of action of 
such effects remain unclear currently 
and as in animal studies may involve a 
combination of effects on neural, im-
mune and endocrine effects. We have 
recently demonstrated that B. infantis 
35624 is effective at increasing the pain 
threshold in rats and reducing the 
number of pain behaviours following 
CRD in both a normo-sensitive and a 
hypersensitive rat strain (McKernan et 
al., 2010). Recently, it has been shown 
that Lactobacillus acidophilus reduces 
visceral hypersensitivity in rats by in-
ducing cannabinoid (CB2) and opioid 
receptor (MOR1) expression in the co-
lonic epithelium (Rousseaux et al., 
2007). Furthermore, in a number of re-
cent studies, Lactobacilli have been 
shown to affect the excitability of en-
teric neurons and nerves innervating
the gut, which in turn has been shown 
to have effects on colonic motility
(Kunze et al., 2009; Ma et al., 2009; 
Wang et al., 2010). 

MICROBIOTA AND STRESS
 

It is long known that stress and the 
HPA axis can influence the composi-
tion of gut microbiome (Tannock et al., 
1974). However, the functional conse-
quences of such changes are now only 
being unravelled (Dinan et al., 2012). 
Maternal separation, an early life 
stressor which can result in long-term 
HPA axis changes (O'Mahony et al., 
2011), has been shown to cause a sig-
nificant decrease in faecal lactobacilli 
on day 3 post separation, which returns 
to baseline by day seven as assessed by 
enumeration of total and Gram-nega-
tive aerobic and facultative anaerobic 
bacterial species (Bailey et al., 1999). 

However, we have more recently
shown that early life stress can also 
have long-term effects on the microbi-
ome. Analysis of the 16S rRNA diver-
sity in adult rats exposed to maternal 
separation for three hours per day from 
post natal days 2-12 revealed a signifi-
cantly altered faecal microbiome when 
compared to the non-separated control 
animals (O'Mahony et al., 2009). A 
study using deep sequencing methods 
demonstrated that the community struc-
ture of microbiota from mice exposed 
to chronic restraint stressor was signifi-
cantly different to that in non-stressed 
control mice (Bailey et al., 2011). More 
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recently chronic psychosocial stress de-
creased the relative abundance of Bac-
teroides, while increasing the relative 
abundance of bacteria in the genus
Clostridium in the caecum. The stressor 
also increased circulating levels of IL-6 
and MCP-1, which were significantly 

correlated with stressor-induced 
changes to three bacterial genera (i.e., 
Coprococcus, Pseudobutyrivibrio, and 
Dorea). These data show that exposure 
to repeated stress affects gut bacterial 
populations in a cytokine dependent 
manner (Bailey et al., 2011). 

CONCLUSIONS AND PERSPECTIVE
 

A growing body of experimental data 
and clinical observations support the 
existence of the microbiome-gut-brain 
axis and suggest that it is poised to con-
trol canonical aspects of brain and 
behaviour in health and disease. Future 
research should focus on deconvoluting 
the relative contributions of immune, 
neural, and metabolic pathways to this 
axis. A better understanding of these 
relationships will inform our under-
standing of a host of GI and extra-GI 
disorders including neuropsychiatric
diseases such as depression and anxi-
ety. Much work is needed to tease apart 
the various constructs at play in this 
complex communication network. It is 
not clear how the various microbial 
strains can differentially affect CNS 
functioning but metabolite production, 
polysaccharide actions, structural ef-
fects and direct and indirect activation 
of the immune system are likely factors 
at play. Indeed, the bacterial metabo-
lism of dietary fibre to short-chain fatty 
acids is a significant energy source for 
humans and these metabolites are of 
importance for gut motility, have a 
trophic effect on epithelial cells, impact 

on immune system development and 
modulate entero-endocrine hormone 
secretion (Grenham et al., 2011). Cer-
tain microorganisms including Lacto-
bacilli are able to convert nitrate to ni-
tric oxide, a potent regulator of both the 
immune and nervous systems whilst 
others can produce neuroactive amino 
acids such as GABA (Forsythe et al., 
2010). Elucidating the mechanisms un-
derlying such effects will be crucially 
important for the development of any 
microbiota-based therapeutic strategies 
for CNS diseases. 

It is clear that the clinical transla-
tion of any animal data especially those 
in complex areas of anxiety, depression 
and cognition is now warranted and 
that this should be done with the same 
rigour as pharmaceutical drug develop-
ment. Overall, research to data clearly 
shows that behaviours, physiology, and 
neurochemistry can be affected in 
many ways by modulation of gut mi-
crobiota. Whether this translates to mi-
crobial-based CNS therapeutics re-
mains a tempting possibility and one 
that is worthy of much further investi-
gation. 

ACKNOWLEDGEMENTS 

The author thanks Dr. Marcela Julio-Pieper at Imágenes Ciencia for assistance 
with the figure. The Alimentary Pharmabiotic Centre is a research centre funded 
by Science Foundation Ireland (SFI), through the Irish Government’s National 
Development Plan. The author and his work were supported by SFI (grant 
numbers 02/CE/B124 and 07/CE/B1368). 

33 



	
  

 
 

      
     

    
    

    
   

    
 

        
      

      
     

       
 

      
     

    
   

      
      

      
   

      
      

       
   
   

 
 

        
      

     
     

      
    

  
     

     
 

        
      

       
    
      

      
   

       

      
      
      

     
     
    

     

 
       

   
    

      
     

     
    
     

      
       

  
    
      

     
   

     
   

   
   
       

    
     

     
    
 

     
       

    
   

      
   

    
 

        
     

    
   

       

LITERATURE
 

Ait-Belgnaoui, A., Han, W., Lamine, F., 
Eutamene, H., Fioramonti, J., Bueno, L., 
and Theodorou, V.: Lactobacillus farci-
minis treatment suppresses stress induced 
visceral hypersensitivity: A possible action 
through interaction with epithelial cell 
cytoskeleton contraction. Gut 55, 1090-
1094 (2006). 

Backhed, F., Ding, H., Wang, T., Hooper, L.V., 
Koh, G.Y., Nagy, A., Semenkovich, C.F., 
and Gordon, J.I.:. The gut microbiota as an 
environmental factor that regulates fat 
storage. Proc. Natl. Acad. Sci. USA 101, 
15718-15723 (2004). 

Backhed, F., Ley, R.E., Sonnenburg, J.L., 
Peterson, D.A., and Gordon, J.I.: Host-
bacterial mutualism in the human intestine. 
Science 307: 1915-1920 (2005). 

Bailey, M.T. and Coe, C.L.: Maternal separa-
tion disrupts the integrity of the intestinal 
microflora in infant rhesus monkeys. Dev. 
Psychobiol. 35, 146-155 (1999). 

Bailey, M.T., Dowd, S.E., Galley, J.D., Huf-
nagle, A.R., Allen, R.G., and Lyte, M.: 
Exposure to a social stressor alters the 
structure of the intestinal microbiota: im-
plications for stressor-induced immuno-
modulation. Brain Behav. Immun. 25, 397-
407 (2011). 

Bercik, P., Verdu, E.F., Foster, J.A., Macri, J., 
Potter, M., Huang, X., Malinowski, P., 
Jackson, W., Blenneerhassett, P., Neufeld, 
K.A., Lu, J., Kahn, W.I., Corthesy-
Theulaz, I., Cherbut, C., Bergonzelli, G.E., 
and Collins, S.M.: Chronic gastrointestinal 
inflammation induces anxiety-like behav-
ior and alters central nervous system bio-
chemistry in mice. Gastroenterology 139, 
2102-2112 (2010). 

Bercik, P., Denou, E., Collins, J., Jackson, W., 
Lu, J., Jury, J., Deng, Y., Blennerhassett, 
P., Macri, J., McCoy, K.D., Veerdu, E.F., 
and Collins, S.M.: The Intestinal Microbi-
ota Affect Central Levels of Brain-Derived 
Neurotropic Factor and Behavior in Mice. 
Gastroenterology 141, 599-609 (2011a). 

Bercik, P., Park, A.J., Sinclair, D., Khoshdel, 

A., Lu, J., Huang, X., Deng, Y., Blenner-
hassett, P.A., Fahnestock, M., Moine, D., 
Berger, B., Huizinga, J.D., Kunze, W., 
McLean, P.G., Bergonzelli, G.E., Collins, 
S.M., and Verdu, E.F.:The anxiolytic 
effect of Bifidobacterium longum 
NCC3001 involves vagal pathways for 
gut-brain communication. Neurogastroen-
terol. Motil. 23, 1132-1139 (2011b). 

Bercik, P., Collins, S.M., and Verdu, E.F.: Mi-
crobes and the gut-brain axis. Neurogastro-
enterol. Motil. 24, 405-413 (2012). 

Bravo, J..A, Forsythe, P., Chew, M.V., 
Escaravage, E., Savignac, H.M., Dinan, 
T.G., Bienenstock, J., and Cryan, J.F.: 
Ingestion of Lactobacillus strain regulates 
emotional behavior and central GABA 
receptor expression in a mouse via the 
vagus nerve. Proc. Natl. Acad. Sci. USA 
108, 16050-16055 (2011). 

Clarke, G., Grenham, S., Scully, P., Fitzgerald, 
P., Moloney, R.D., Shanahan, F., Dinan, 
T.G., and Cryan, J.F.: The microbiome-
gut-brain axis during early-life regulates 
the hippocampal serotonergic system in a 
gender-dependent manner. Mol. Psychia-
try, doi: 10.1038/mp.2012.77, Epub ahead 
of print (2012a) 

Clarke, G., Cryan, J.F., Dinan, T.G., and 
Quigley, E.M.: Review article: Probiotics 
for the treatment of irritable bowel 
syndrome--focus on lactic acid bacteria. 
Aliment. Pharmacol. Ther. 35, 403-413 
(2012b). 

Clemente, J.C., Ursell, L.K., Parfrey, L.W., and 
Knight, R.: The impact of the gut microbi-
ota on human health: An integrative view. 
Cell 148, 1258-1270 (2012). 

Cryan, J.F. and O'Mahony, S.M.: The microbi-
ome-gut-brain axis: from bowel to 
behavior. Neurogastroenterol. Motil. 23, 
187-192 (2011). 

Cryan, J.F. and Sweeney, F.F.: The age of 
anxiety: Role of animal models of anxio-
lytic action in drug discovery. Br. J. 
Pharmacol. 164, 1129-1161 (2011). 

Desbonnet, L., Garrett, L., Clarke, G., Kiely, 

34 

http:10.1038/mp.2012.77


	
  

        
     
   

    
        

     
   

  
 

        
      

 
      

    
       
     

 
      

     
      

   
 

 
      

       
  

    
      

      
     

    
      

 
       

    
  

      
   

 
       

     
     

     
     

    
        
    

     
 

        
      

      
   

       
  

     
     

  
      

   
       

       
    

       
   

 
      

     
     

 
        

     
    

     
 

  
 

       
     

    

 
      

    
   

      
   
   

   
   

 
        

       
    

    
    

   

B., Cryan, J.F., and Dinan, T.G.: Effects of 
the probiotic Bifidobacterium infantis in 
the maternal separation model of depres-
sion. Neuroscience 170, 1179-1188 (2010). 

Dinan, T.G. and Cryan, J.F.: Regulation of the 
stress response by the gut microbiota: Im-
plications for psychoneuroendocrinology. 
Psychoneuroendocrinology 37, 1369-1378 
(2012). 

Forsythe, P., Sudo, N., Dinan, T., Taylor, V.H., 
and Bienenstock, J.: Mood and gut feel-
ings. Brain Behav. Immun 24, 9-16 (2010). 

Fraher, M.H., O'Toole, P.W., and Quigley, 
E.M.: Techniques used to characterize the 
gut microbiota: A guide for the clinician. 
Nat. Rev. Gastroenterol. Hepatol. 9, 312-
322 (2012). 

Gareau, M.G., Jury, J., MacQueen, G., 
Sherman, P.M., and Perdue, M.H.: Probi-
otic treatment of rat pups normalises corti-
costerone release and ameliorates colonic 
dysfunction induced by maternal separa-
tion. Gut 56 1522-1528 (2007). 

Gareau, M.G., Sherman, P.M., and Walker, 
W.A.: Probiotics and the gut microbiota in 
intestinal health and disease. Nat. Rev. 
Gastroenterol. Hepatol. 7 503-514 (2010). 

Gareau, M.G., Wine, E., Rodrigues, D.M., 
Cho, J.H., Whary, M.T., Philpott, D.J., 
Macqueen, G., and Sherman, P.M.: Bacte-
rial infection causes stress-induced 
memory dysfunction in mice. Gut 60, 307-
317 (2011). 

Gibney, S.M., Gosselin, R.D., Dinan, T.G., and 
Cryan, J.F.: Colorectal distension-induced 
prefrontal cortex activation in the Wistar-
Kyoto rat: Implications for irritable bowel 
syndrome. Neuroscience 165, 675-683 
(2010). 

Gill, S.R., Pop, M., Deboy, R.T., Eckburg, 
P.B., Turnbaugh, P.J., Samuel, B.S., Gor-
don, J.I., Reiman, D.A., Fraser-Liggett, 
C.M., and Nelson, K.E.: Metagenomic 
analysis of the human distal gut microbi-
ome. Science 312, 1355-1359 (2006). 

Grenham, S., Clarke, G., Cryan, J., and Dinan, 
T.G.: Brain-gut-microbe communication in 
health and disease. Front. Physiol. 2, 94 
(2011). 

Heijtz, R., Wang, S., Anuar, F., Qian, Y., Björ-
kholm, B., Samuelsson, A., Hibberd, M., 
Forssberg, H., and Pettersson, S.: Normal 
gut microbiota modulates brain develop-
ment and behavior. Proc. Natl. Acad. Sci. 
USA 108, 3047-3052 (2011). 

Johnson, A.C., Greenwood-Van Meerveld, B., 
McRorie, J.: Effects of Bifidobacterium 
infantis 35624 on post-inflammatory vis-
ceral hypersensitivity in the rat. Dig. Dis. 
Sci. 56, 3179-3186 (2011). 

Kunze, W.A., Mao, Y.K., Wang, B., Huizinga, 
J.D., Ma, X., Forsythe, P., and Bienenstock, 
J.: Lactobacillus reuteri enhances excita-
bility of colonic AH neurons by inhibiting 
calcium-dependent potassium channel 
opening. J. Cell. Mol. Med. 13, 2261-2270 
(2009). 

Logan, A.C. and Katzman, M.: Major depres-
sive disorder: Probiotics may be an adju-
vant therapy. Med. hypotheses 64, 533-538 
(2005). 

Ma, X., Mao, Y.K., Wang, B., Huizinga, J.D., 
Bienenstock, J., and Kunze, W.: Lactoba-
cillus reuteri ingestion prevents hyperex-
citability of colonic DRG neurons induced 
by noxious stimuli. Am. J. Physiol. Gas-
trointest. Liver Physiol. 296, G868-G875 
(2009). 

Mayer, E.A., Bradesi, S., Chang, L., Spiegel, 
B.M., Bueller, J.A., Naliboff, B.D.: Func-
tional GI disorders: from animal models to 
drug development. Gut 57, 384-404 
(2008). 

Mayer, E.A.: Gut feelings: the emerging biol-
ogy of gut-brain communication. Nat. Rev. 
Neurosci. 12, 453-466 (2011). 

McKernan, D.P., Fitzgerald, P., Dinan, T.G., 
and Cryan, J.F.: The probiotic Bifidobacte-
rium infantis 35624 displays visceral an-
tinociceptive effects in the rat. Neuro-
gastroenterol. Motil. 22, 1029-1035 
(2010). 

Mertz, H., Morgan, V., Tanner, G., Pickens, D., 
Price, R., Shyr, Y., and Kessler, R.: Re-
gional cerebral activation in irritable bowel 
syndrome and control subjects with painful 
and nonpainful rectal distention. Gastro-
enterology 118, 842-848 (2000). 

35 



	
  

      
       

      
    

   
    

     
        

 
       

    
    

    
  
        

      
 

      
      

       
   

     
    

    
      
      

     
       

      
 

      
      

     
  

        
      
     

    
      

      
  

        
     

       
          

        
        

       
      

  
          
         

       
      
     

        
    

    
  
     

   
     

   
    

     
     

   
       

   
    

    
 

      
      

  
  

 
      

     
      

    
       

       
      

      
 

    
   

   
  
       

       
     

        
        

    
   
      

Messaoudi, M., Lalonde, R., Violle, N., Javelot, 
H., Desor, D., Nejdi, A., Bisson, J., 
Rougeot, C., Pichelin, M., Cazaubiel, M., 
and Cazaubiel, J.: Assessment of psycho-
tropic-like properties of a probiotic for-
mulation (Lactobacillus helveticus R0052 
and Bifidobacterium longum R0175) in 
rats and human subjects. Br. J. Nutr. 105, 
755-764 (2011). 

Neufeld, K.M., Kang, N., Bienenstock, J., and 
Foster, J.A.: Reduced anxiety-like behav-
ior and central neurochemical change in 
germ-free mice. Neurogastroenterol Motil 
23, 255-264 (2010). 

O'Hara, A.M. and Shanahan, F.: The gut flora 
as a forgotten organ. EMBO Rep. 7, 688-
693 (2006). 

O'Mahony, S.M., Marchesi, J.R., Scully, P., 
Codling, C., Ceolho, A.M., Quigley, E.M., 
Cryan, J.F., and Dinan, T.G.: Early life 
stress alters behavior, immunity, and 
microbiota in rats: implications for irritable 
bowel syndrome and psychiatric illnesses. 
Biol. Psychiat. 65, 263-267 (2009). 

O'Mahony, C.M., Sweeney, F.F., Daly, E., 
Dinan, T.G., and Cryan, J.F.: Restraint 
stress-induced brain activation patterns in 
two strains of mice differing in their anxi-
ety behaviour. Behav. Brain Res. 213, 148-
154 (2010). 

O'Mahony, S.M., Hyland, N.P., Dinan, T.G., 
and Cryan, J.F.: Maternal separation as a 
model of brain-gut axis dysfunction. 
Psychopharmacology 214, 71-88 (2011). 

Olszak, T., An, D., Zeissig, S., Vera, M.P., 
Richter, J., Franke, A., Glickman, J.N., 
Siebeert, R., Baron, R.M., Kasper, D.L., 
and Blumberg, R.S.: Microbial Exposure 
During Early Life Has Persistent Effects 
on Natural Killer T Cell Function. Science 
336, 489-493 (2012). 

Qin, J., Li, R., Raes, J., Arumugam, M., 
Burgdorf, K.S., Manichanh, C., Nielsen, 
T., Pons, N., Levenez, F., Yamada, T., 
Mende, D.R., Li, J., Xu, J., Li, S., Li, D., 
Cao, J., Wang, B., Liang, H., Zheng, H., 
Xie, Y., Tap, J., Lepage, P., Bertalan, M., 
Batto, J.-M., Hansen, T., Le Paslier, D., 
Linneberg, A., Nielsen, H.B., Pelletier, E., 

Renault, P., Sicheritz-Ponten, T., Turner, 
K., Zhu, H., Yu, C., Li, S., Jian, M., Zhou, 
Y., Li, Y., Zhang, X., Li, S., Qin, N., 
Yang, H., Wang, J., Brunak, S., Guarner, 
F., Kristiansen, K., Pedersen, O., Parkhill, 
J., Weissenbach, J., MetaHIT Consortium, 
Bork, P., Ehrlich, S.D., and Wang, J.: A 
human gut microbial gene catalogue estab-
lished by metagenomic sequencing. Nature 
464, 59-65 (2010). 

Quigley, E.M.: Probiotics in functional gastro-
intestinal disorders: what are the facts? 
Curr. Opin. Pharmacol. 8, 704-708 (2008). 

Rao, S., Srinivasjois, R., and Patole, S.: 
Prebiotic supplementation in full-term neo-
nates: A systematic review of randomized 
controlled trials. Arch. Pediatr. Adolesc. 
Med. 163, 755-764 (2009). 

Reber, S.O.: Stress and animal models of 
inflammatory bowel disease--an update on 
the role of the hypothalamo-pituitary-ad-
renal axis. Psychoneuroendocrinology 37, 
1-19 (2012). 

Rhee, S.H., Pothoulakis, C., Mayer, E.A.: 
Principles and clinical implications of the 
brain-gut-enteric microbiota axis. Nat. 
Rev. Gastroenterol. Hepatol. 6, 306-314 
(2009). 

Round, J.L., O'Connell, R.M., and Mazmanian, 
S.K.: Coordination of tolerogenic immune 
responses by the commensal microbiota. J. 
Autoimmun. 34, J220-J225 (2010). 

Rousseaux, C., Thuru, X., Gelot, A., Barnich, 
N., Neut, C., Dubuquoy, L., Dubuquoy, C., 
Merour, E., Geboes, K., Chamaillard, M., 
Ouwehand, A., Leyer, G., Carcano, D., 
Colombel, J. F., Ardid, D., and Des-
reumaux, P.: Lactobacillus acidophilus 
modulates intestinal pain and induces opi-
oid and cannabinoid receptors. Nat. Med. 
13, 35-37 (2007). 

Sekirov, I., Russell, S.L., Antunes, L.C., and 
Finlay, B.B.: Gut microbiota in health and 
disease. Physiol. Rev. 90, 859-904 (2010). 

Sudo, N., Chida, Y., Aiba, Y., Sonoda, J., 
Oyama, N., Yu, X.N., Kubo, C., and Koga, 
Y.: Postnatal microbial colonization pro-
grams the hypothalamic-pituitary-adrenal 
system for stress response in mice. J. 

36 



	
  

   
      

   
   

 
      

     
        

   
    

     
 

       
      
      
      

     

    
       

      
      

 
        

     
     

    
    

   
        

      
     

   
       

    
 

Physiol. 558, 263-275 (2004). 
Tannock, G.W. and Savage, D.C.: Influences 

of dietary and environmental stress on mi-
crobial populations in the murine gastro-
intestinal tract. Infect. Immun. 9, 591-598 
(1974). 

Verdu, E.F., Bercik, P., Verma-Gandhu, M., 
Huang, X.X., Blennerhassett, P., Jackson, 
W., Mao, Y., Wang, L., Rochat, F., and 
Collins, S.M.: Specific probiotic therapy 
attenuates antibiotic induced visceral hy-
persensitivity in mice. Gut 55, 182-190 
(2006). 

Wall, R., Marques, T.M., O'Sullivan, O., Ross, 
R.P., Shanahan, F., Quigley, E.M., Dinan, 
T.G., Kiely, B., Fitzgerald, G.F., Cotter, 
P.D., Fouhy, F., and Stanton, C.: Con-
trasting effects of Bifidobacterium breve 

NCIMB 702258 and Bifidobacterium 
breve DPC 6330 on the composition of 
murine brain fatty acids and gut microbi-
ota. Am. J. Clin. Nutr. 95, 1278-1287 
(2012). 

Wang, Z., Bradesi, S., Maarek, J.M., Lee, K., 
Winchester, W.J., Mayer, E.A., and Hol-
schneider, D.P.: Regional brain activation 
in conscious, nonrestrained rats in re-
sponse to noxious visceral stimulation. 
Pain 138, 233-243 (2008). 

Wang, B., Mao, Y.K., Diorio, C., Wang, L., 
Huizinga, J.D., Bienenstock, J., and Kunze, 
W.: Lactobacillus reuteri ingestion and 
IK(Ca) channel blockade have similar ef-
fects on rat colon motility and myenteric 
neurones. Neurogastroenterol. Motil. 22, 
98-107 (2010b). 

37 




