
MICROBIOME AND STEM CELL FUNCTION (KE NELSON AND MB JONES, SECTION EDITORS)

Tuning the Brain-Gut Axis in Health and Disease

Rainbo Hultman & Michelle M. Sidor & Kafui Dzirasa

Published online: 15 January 2015
# Springer International Publishing AG 2015

Abstract Recent breakthroughs in gut microbiome-derived
technologies and therapies, coupled with the lack of invasive-
ness associated with them, provide attractive routes of bio-
marker and therapeutic development. Alongside such break-
throughs, an ever-growing body of literature indicates a strong
connection between brain activity and microbial populations
in the gut. The paucity of effective psychiatric therapiesmakes
the gut microbiota/brain connection a particularly enticing
field. This article reviews some of the mechanisms of connec-
tion between the gut and the brain, their potential relationship
to psychiatric disorders, and the therapeutic potential that
arises from them.
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Introduction

Despite a rise in mental illness diagnoses, the efficacy of cur-
rent treatments is low, few new treatments have made it to
patients in the past several decades, and interest in developing
new psychiatric drugs is waning [1, 2]. While new technolo-
gies like deep brain stimulation are incredibly promising [3],
their cost and invasiveness remain an obstacle to reaching
large populations of people. One hopeful breakthrough on this
front is the growing understanding of the connection between
the gut microbiome and the brain. Given the ease and non-
invasiveness of regulating populations of gut microbiota [4,
5], connections between the gut and brain provide a novel and
groundbreaking new avenue to explore with regard to the
development of new psychotherapies. Additionally, because
gut microbial populations can be sampled from fecal matter,
the brain-gut connection is also promising in terms of devel-
oping effective biomarkers for psychiatric disorders.

Studies demonstrating the therapeutic efficacy of gut mi-
crobial manipulations are numerous and include the follow-
ing: studies in germ-free animals, infection studies, pro and
antibiotic manipulation, and fecal transplant [5–8]. So much
progress has been made developing probiotic therapies with
regard to psychiatric disorders that an entire class of develop-
ing therapeutics has been dubbed “psychobiotics” [4, 9]. The
basic principle behind psychobiotics is that microorganisms
can be introduced that either directly or through their impact
on the rest of the microbiome lead to a psychotherapeutic
effect. Thus far, the most successful psychobiotics have been
tested as antidepressants and anxiolytics [4, 6, 7, 10]. Designer
probiotics have begun to be developed as well. Through this
process, bacteria are genetically engineered to imbue them
with specific desirable qualities such as stress tolerance prior
to administering [11, 12]. Antibiotics have tremendous poten-
tial as tools for selectively manipulating the gut microbiome
[8, 13], and fecal transplant therapies have been proposed as
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treatments for disorders related to changes in systemic inflam-
mation [8]. Finally, there is also evidence suggesting that die-
tary changes may induce gut microbial changes that regulate
inflammatory response and intestinal barrier integrity, pro-
cesses implicated in contributing to psychiatric disorders
[10, 14, 15].

In order to best exploit the brain-gut axis for therapeutic use,
it is first necessary to understand the underlying mechanisms
of connection. Mechanisms connecting the gut and brain in-
clude the following: metabolites and neurotransmitters/
neuroendocrine system, immune response, and direct synaptic
projections between central and enteric nervous systems.

Gut Microbiota-Derived Signaling Molecules
and Neuroactive Metabolites

Commensal gut bacteria can produce various neurotransmit-
ters, hormones, and neuroactive metabolites, including
gamma-aminobutyric acid (GABA), serotonin, histamine,
melatonin, catecholamines (e.g., dopamine, norepinephrine),
and nitric oxide [16, 17]. From an evolutionary perspective, it
has been proposed that these transmitters initially arose as
signaling molecules for bacteria-bacteria communication
[17]. As symbiotic relationships formed between the endo-
crine systems of bacteria and more complex host organisms,
these signaling molecules became important for host-bacteria
communication [17] and eventually evolved to signal internal
events within the host itself [18]. For instance, certain strains
of bacteria are capable of synthesizing GABA—the main in-
hibitory neurotransmitter in the brain—from glutamate
in vitro and express a receptor-like molecule for uptake of
GABA. Furthermore, both GABA and its receptor are found
in gut epithelia cells [19, 20]. Importantly, within a disease-
risk context, central GABA dysfunction in humans has been
linked to diseases such as anxiety and depression [21].

Serotonin and the Kynurenine Pathway

Another important example of a critical metabolite that im-
pacts brain function is serotonin. Although traditionally asso-
ciated with central nervous system (CNS) neural transmission,
the vast majority of serotonin is produced in the gut from
dietary tryptophan and its availability regulated by the gut
microbiome via direct and indirect mechanisms. Tryptophan
is an essential amino acid and the precursor to serotonin syn-
thesis. It is converted into 5-hydroxytryptophan (5-HTT) by
the rate-limiting enzyme, tryptophan hydroxylase, which is
then converted into serotonin (5-HT) via aromatic amino acid
decarboxylase. Alternatively, tryptophan can be metabolized
into quinolinic and kynurenic acid by 2,3-indolamine-2,3-
dioxygenase (IDO) along the competing kynurenine pathway.
Various factors determine the ratio between serotonin

synthesis and tryptophan metabolites, including interaction
of the gut microbiome with these pathways [22]. Certain
strains of gut bacteria can directly metabolize tryptophan
and can produce both tryptophan [23] and serotonin [24].
Indirectly, particular strains can alter how tryptophan is me-
tabolized and affect the balance between serotonin synthesis
vs. kynurenine pathway production of the N-methyl-D-aspar-
tate (NMDA) receptor modulators, kynurenic and quinolinic
acid. This is particularly relevant given that increased levels of
quinolinic acid have been found in both the cerebrospinal fluid
(CSF) and plasma of clinically depressed patients [25, 26] and
an increased production of kynurenic acid has been reported
in schizophrenic patients [27, 28]. It is likely that this imbal-
ance in tryptophan metabolites over serotonin synthesis mod-
ify disease risk through interaction of these metabolites with
cognate receptors, thereby altering neural activity and neural
circuit function.

Given that serotonin is central to a variety of physiological
processes (body temperature regulation, circadian rhythms,
pain sensitivity, stress response, appetite, etc.) and that altered
serotonergic function has been implicated in a host of neuro-
psychiatric diseases [29], it is plausible that the gut
microbiome may directly influence disease susceptibility via
its actions on host serotonin availability.

Collectively, the ability of the microbiome to both directly
and indirectly impinge on transmitter synthesis and metabolic
pathways suggests that gut bacteria may influence brain func-
tion and disease risk through its actions on neurotransmitter
availability.

Immune Response and the Brain

One recent hypothesis for mechanisms underlying the connec-
tion between gut microbiota and brain, particularly under
stressed or other pathological circumstances, is that of “the
leaky gut.” The inner lining of the gut is composed of a layer
of epithelial cells connected by tight junctions with a mucosal
covering that form a barrier sealing off the gut contents to the
rest of the body [30]. One major point of communication
between gut and immune system is at the mucosal barrier of
the gut, which contains dendritic cells and macrophages [30].
The balance between recognition of bacteria as commensal or
pathogenic is finely tuned and regulated by Toll-like receptors
(TLRs), which are responsible for inflammatory and homeo-
static responses [31]. When the immune response is launched
against pathogenic microbes, the subsequent release of cyto-
kines, such as interleukin (IL)-6, IL-1, and tumor necrosis
factor (TNF)-α, can have profound impacts on brain function.
For example, inflammatory responses in the hippocampus,
hypothalamus, prefrontal cortex, and amygdala have been
shown to lead to psychiatric disruption such as in the case of
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major depressive disorder (MDD) [32–37]. Parenthetically,
antidepressant selective serotonin re-uptake inhibitors
(SSRIs) have been shown to reduce levels of inflammatory
cytokines [10]. Finally, stress which has been shown to trigger
and exacerbate symptoms of psychiatric disorders in humans
and in rodents, has also been shown to trigger inflammatory
responses [10, 34].

Some evidence suggests that increased gut epithelial per-
meability underlies major depressive disorder and other affec-
tive disorders brought on after major or chronic stress [7]. This
phenomenon, also referred to as the “leaky gut hypothesis,”
indicates that under certain circumstances, such as in the case
of the presence of a psychosocial stressor, the tight junctions
of the epithelium become more permeable, enabling the trans-
location of bacteria and bacterial secretions that would other-
wise be prevented from escaping. Thus, the resultant effect is a
systemic immune response [7, 35]. There are several studies
suggesting possible mechanisms by which such increased gut
permeability occurs [30]. Several specific types of bacteria
appear to be associated with gut permeability, in particular,
an increase in the order Bacteroidales and parallel decrease
in Clostridiales have been shown to correlate with gut perme-
ability in mice [38•]. It will be interesting to determine wheth-
er manipulations of gut populations that mediate gut leakiness
and inflammation can be developed into effective therapeutics
for psychiatric disorders.

Connecting Central and Enteric Nervous Systems

In addition to the impact of the gut via endocrine and immune
responses, there are also direct reciprocal afferents and effer-
ents between the gut (enteric nervous system, ENS) and the
brain (CNS), providing a third level of regulation to explore
and exploit. These projections fall largely into three major
subcategories: vagal, spinal thoracolumbar, and spinal lumbo-
sacral [39]. Chemical and mechanical stimuli in the gut lead to
stimulation of afferents in these neurons leading ultimately to
neuronal signaling at the level of the CNS [40]. Furthermore,
CNS information flows to the gut primarily via motor effer-
ents responding to hypothalamic-pituitary-adrenal axis (HPA)
and digestive-related cues.

The enteric nervous system, sometimes referred to as the
“second brain” because of its complexity, is composed of
some 300–600 million neurons (in humans) [39, 41, 42].
These neurons are structured into complex ganglia networks
throughout the stomach, intestines, esophagus, pancreas, and
more [39]. They can be largely categorized as belonging to
either the myenteric ganglia (part of muscular layers) or the
submucosal plexus (restricted primarily to the intestines) and
regulate a wide array of functions including blood flow, secre-
tion, and motor as well as some of the immune and endocrine
responses already discussed [43, 44]. Enteric neurons include

intrinsic primary afferent neurons (IPANs), which respond to
various mechanical and chemical triggers and have projec-
tions that are well integrated into synaptic networks of the
gut—they are perhaps the most widely connected [43].
Other key neuronal components making up the circuits of
the ENS include the following: excitatory motorneurons, in-
hibitory circular muscle motorneurons, longitudinal muscle
motorneurons, ascending interneurons, descending interneu-
rons, and secretomotor and vasomotor neurons [39, 43].

The vagus nerve appears to be responsible for a great deal
of the communication between the ENS and CNS and has
both sensory and motor properties. The enteric nervous sys-
tem sends messages through the vagus nerve signaling chang-
es in neuronal firing and chemical (including nutrient and
hormone) as well as limited mechanical stimuli [40]. With
over 40,000 axons, the vagus nerve afferent mechanisms are
complex and diverse; for in-depth review of these mecha-
nisms, see Furness J.B. et al. [39]. The vagus nerve has been
shown to be particularly linked to microbiota-induced behav-
ioral changes in several key studies [45•, 46•, 47, 48].
Interestingly, enteric neuron excitability appears to be an im-
portant component of such vagal-mediated behavioral regula-
tion [45•], demonstrating that communication between the
ENS and CNS plays a role in gut microbiota-driven CNS
biology.

While it is still somewhat unclear exactly how signals that
pass through the vagus nerve communicate with higher order
brain function, it is clear that the hypothalamus, amygdala,
locus coeruleus, hippocampus, and several forebrain regions
are profoundly affected [42, 49, 50]. Additionally, the anterior
insula (aINS) stands out as the most likely hub of emotional
information connecting the gut with other CNS emotional
processing regions, including the anterior cingulate (ACC),
the orbitofrontal cortex (OFC), and the amygdala [42]. The
INS has been shown to be involved in the mediation of emo-
tional state, disgust, and social behaviors [42]. Vagal outputs
make connections with nearly every component of the enteric
nervous system, primarily through cholinergic excitatory
pathways [44]. This pathway has been implicated in modulat-
ing appetite and gut digestive mechanics [44], providing a
clear route for CNS to ENS information flow.

Gut Microbiota and Brain Development

In addition to the many routes by which the gut microbiome
impacts the mature brain, there is a growing body of evidence
that microbial populations have a significant impact on brain
development as well [51, 52]. Colonization of the gut by mi-
crobiota occurs early in development, during the first few
minutes following birth. The environment, therefore, provides
the initial source of microbiota that colonize the gut.
Throughout the lifespan, both environmental and genetic
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factors influence the type and diversity of colonies that take up
residence in the gut with a stable adult-like population emerg-
ing early in development. Each individual, however, contains
a “unique bacterial fingerprint” [53] as a result of distinct
gene×environment interactions that occur over the lifespan.

Much of what we know about the colonization of the early
gut and its long-term impact on brain development and func-
tion comes from work utilizing germ-free mice. These mice
are completely devoid of commensal microbiota at birth and
exhibit an undeveloped immune system along with behavioral
abnormalities in adulthood [54]. This includes, altered seroto-
nergic and plasticity-related gene expression in key limbic
brain regions associated with mood disorders [55, 56], altered
hypothalamic-pituitary-adrenal (HPA) axis function [57], and
accompanying behavioral dysfunction [52, 55–57].
Importantly, re-colonization of germ-free mice with commen-
sal bacteria at key critical time points during early postnatal
development can alter their developmental trajectory and re-
verse molecular and behavioral abnormalities [52, 57]. This
points to a direct role for the gut microbiome in normal brain
development and function. Furthermore, the dramatic influ-
ence that gut bacteria have on levels and turnover of mono-
amines such as serotonin and dopamine, which have been
shown to play an important role in regulating neuron devel-
opment, suggests a mechanism whereby such regulation is
likely to take place [58–62]. Indeed, altering serotonin levels

at key points during brain development in rodents increases
the vulnerability to developing behavioral dysfunction in
adulthood [63–66]. Finally, manipulations of gut bacteria have
been shown to play a significant role in the regulation of the
neurotrophin brain-derived neurotrophic factor (BDNF) [67],
a well-known modulator of neuron development [68–71].

Given that a link has been identified between gut bacteria,
immune response and neurodevelopmental disorders such as
autism, further study into the mechanisms by which gut mi-
crobiota impact brain development are highly promising ther-
apeutically as well [72, 73].

Conclusions

Putting it Together—Routes to Therapeutics

With multiple direct and indirect interactions between brain
and gut physiology and several lines of evidence indicating
that gut microbiota contribute to these interactions (Fig. 1),
system studies that examine brain physiology, gut physiology,
and gut microbiota function concurrently in the same animal
will be critical to elucidating the mechanisms whereby the
brain-gut axis establishes homeostasis. Ultimately, this under-
standing will create a novel framework to explore how chang-
es in these systems lead to psychopathology.

Fig. 1 Amechanistic convergence of gut microbial populations on brain
function. There are many pathways by which the gut microbiome may
impact neural circuit function in health and disease. Three key nodes that
are described in this review are illustrated: the enteric nervous system,
neuroactive metabolites and neurotransmitters, and immune signaling. It
is likely these bidirectional processes and pathways converge to influence
brain development and function over the lifetime. The left panel
demonstrates mechanisms by which changes in gut microbial
populations can result in the onset or exacerbation of psychiatric

disorders. The right panel highlights that by manipulating gut bacterial
populations with specific probiotics, brain health can be restored. Both
the vagal nerve and the blood-brain barrier represent two proposed routes
for gut-brain communication. The brain is especially vulnerable to insult
during critical developmental time windows in which gut-brain signaling
may be crucial for modifying disease-risk in susceptible individuals.
Targeting the gut microbiome through the use of psychobiotics (as
shown in the right-hand panel) may prove to be a useful therapeutic
avenue for preventing or attenuating psychopathology
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