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Abstract
The concept that the gut and the brain are closely connected, and that this interaction plays an
important part not only in gastrointestinal function but also in certain feeling states and in intuitive
decision making, is deeply rooted in our language. Recent neurobiological insights into this gut–
brain crosstalk have revealed a complex, bidirectional communication system that not only
ensures the proper maintenance of gastrointestinal homeostasis and digestion but is likely to have
multiple effects on affect, motivation and higher cognitive functions, including intuitive decision
making. Moreover, disturbances of this system have been implicated in a wide range of disorders,
including functional and inflammatory gastrointestinal disorders, obesity and eating disorders.

A major scientific breakthrough in understanding the interaction of the nervous system with
the digestive system occurred with the discovery of the so-called enteric nervous system
(ENS) in the middle of the nineteenth century1–4 (BOX 1). Even though it is now considered
the third branch of the autonomic nervous system, the ENS has been referred to as the
‘second brain’, based on its size, complexity and similarity — in neurotransmitters and
signalling molecules — with the brain5. Even before the discovery of the ENS, the
importance of interactions between the brain and the digestive system in health and disease
has been recognized for many centuries, and has been studied by prominent psychologists,
psychiatrists and physiologists during the later part of the nineteenth and earlier part of the
twentienth centuries (reviewed in REF. 6). Both top-down modulation of gastrointestinal
function by stress and emotions7, and bottom-up signalling from visceral afferents to the
brain in abdominal pain syndromes, as well as possible emotion regulation8 have been
reported by early investigators (BOX 2). This topic has received increased attention during
the past two decades, largely owing to a series of independent but converging scientific
discoveries from various fields of research, including enteric neuroscience (reviewed in
REF. 1), neuroimaging (reviewed in REF. 9), intestinal microbiology and host microbial
interactions (reviewed in REFS 10,11), and most recently, microbial gut–brain signalling
(reviewed in REFS 12–14). This Review discusses the emerging role of integrated
bidirectional signalling between the brain and the gut in homeostasis and disease, as well as
possible consequences for higher-level executive functions and emotional states, with a
primary focus on gut to brain signalling.
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Brain to gut signalling during homeostasis
The brain communicates to the viscera, including the gastrointestinal tract, through multiple
parallel pathways, including the two branches of the autonomic nervous system (ANS), the
hypothalamic–pituitary–adrenal (HPA) axis and the sympatho–adrenal axis (modulating the
gut-associated lymphoid tissue), and descending monoaminergic pathways (modulating gain
of spinal reflexes and dorsal horn excitability). Two key subcortical structures that generate
these outputs are the hypothalamus and the amygdala. They receive inputs from a network
of cortical regions (the medial prefrontal cortex (PFC) network15,16), including subregions
of the medial PFC and anterior cingulate cortex (ACC). Whereas ventral ACC regions (for
example, subgenual cingulate cortex and Brodmann area 25 (BA25)) project primarily to the
medullary vagal complex, pregenual ACC regions (for example, BA24) project to the
periaqueductal grey (PAG)17. The medial PFC network receives input from a lateral PFC
and orbitofrontal cortex (OFC) network that provides integrated multisensory information
about the representation of complex homeostatic body states, including those related to gut
homeostasis, food intake and visceral pain. Outputs from subregions of the medial network,
amygdala and hypothalamus are integrated into distinct motor patterns within the
mesencephalic PAG18. The most caudal component of the central autonomic networks is
represented by pontine and medullary nuclei, including the serotonergic raphe nuclei, the
locus coeruleus complex (including Barrington's nucleus) and the dorsal vagal complex.
This system of parallel outflows from cortico–limbic–pontine networks, which is engaged
by distinct homeostatic states, has been referred to as the emotional motor system (EMS)
and consists of integrated motor autonomic, neuroendocrine and pain modulatory
components19,20. The medial component of the EMS (including the midline raphe nuclei) is
thought to have a role primarily in the tonic modulation through serotonergic, noradrenergic
and opioidergic descending spinal pathways of the gain of various spinal reflexes involved
in the regulation of gastrointestinal functions, as well as in the modulation of dorsal horn
neuronal excitability, to regulate pain sensitivity. An example of the gut-related engagement
of the medial component of the EMS is the observation that food consumption inhibits pain-
related behaviours in the rat, an analgesia mechanism related to the engagement of
descending serotonergic pain modulation pathways21. Descending opioid-dependent pain
modulation pathways are also engaged by other behavioural and motivational states,
including vigilance and fear22. By contrast, the lateral system (including subregions of the
PAG, the central nucleus of the amygdala, bed nucleus of the striae terminalis, lateral
hypothalamus and pontine locus coeruleus complex) may play a part in executing distinct
regional motor patterns of the viscera mediated by the engagement of function-specific
subsets of sympathetic and parasympathetic pathways.

ANS output can be triggered reflexively by ascending interoceptive signals from the gut, by
descending cognitive or emotional influences or in response to external or internal demands
(BOX 3). For example, top-down modulation can override local (for example, ENS-based)
reflex function in the context of threats to body homeostasis (haemorrhagic shock), severe
environmental stressors23 or during strong emotions such as fear, anger and sadness24,25.

Outputs from medullary pontine nuclei project to function-specific sympathetic
preganglionics located in the intermediolateral column of the spinal cord, and projections to
the medullary vagal complex and the pontine Barrington's nucleus modulate function-
specific vagal and sacral parasympathetic outflows, respectively26. Preganglionic
parasympathetic neurons are viscerotopically organized in the dorsal motor nucleus of the
vagus and are modulated by a variety of hormonal and humoral substances27,28.
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Effects on the gut
The sympathetic innervation of the gastrointestinal tract and its role in the modulation of
gastrointestinal function has been extensively reviewed1,28,29. It has been divided into
subclasses of postganglionic vasoconstrictor neurons, secretion inhibiting neurons and
motility inhibiting neurons. The overall effect of sympathetic outflow to the gut is
inhibitory, slowing gastrointestinal transit and secretion. This inhibitory effect is largely
accomplished by inhibitory modulation of cholinergic transmission and by a stimulatory
effect on smooth muscle in sphincteric regions. Another subset of sympathetic
postganglionics is involved in mucosal immune modulation30 and possibly in the
modulation of interactions between the micro-flora and the mucosa (reviewed in REFS
12,31). Although the best experimental evidence for such communication between the
sympathetic nervous system, lymphocytes and macrophages comes from the spleen32,
evidence for sympathetically mediated immune modulation in the gut has been shown both
in Peyer's patches and in the non-follicular mucosa in close proximity to different classes of
immune cells, including dendritic cells, mast cells and B lymphocytes (reviewed in REF.
31). In addition, evidence of a noradrenaline-mediated reduction in the expression of toll-
like receptors (TLRs) by intestinal epithelial cells has been reported33. Finally,
noradrenaline-mediated modulation of microbial virulence has been reported for a number
of pathogens31, even though the mechanisms by which intraluminal bacteria are exposed to
noradrenaline that is released from sympathetic nerve terminals is unclear.

The parasympathetic innervation of the gastrointestinal tract has been studied intensively
(for reviews see REFS 28,34). It is comprised of the vagal and sacral parasympathetic
divisions, which innervate foregut and hindgut structures, respectively. Function-specific
vagal motor neurons provide input to the stomach, small intestine and proximal portion of
the colon. Excitatory vagal input occurs to ganglia within the ENS to mediate vago–vagal
motor reflexes and the cephalic phase of gastric acid secretion, to gastrin- and somatostatin-
containing enteroendocrine cells and histamine releasing enterochromaffin cells, and to
enterochromaffin cells to mediate 5-hydroxytryptamine (5-HT) release35. While vago–vagal
reflexes are the primary neural mechanism to regulate gastric function, such extra intestinal
reflexes play a lesser part (compared to intrinsic reflexes) in the modulation of intestinal
function. Vagal modulation of macrophage activation through nicotinic acetylcholine
receptors has been reported as part of a vago–vagal anti-inflammatory reflex36.

Top-down engagement of subsets of function-specific postganglionic sympathetic and
parasympathetic neurons are likely to mediate reported emotion-related patterns of regional
changes in motor, secretory and possibly immune activity in the gastrointestinal tract37,38,
which may be viewed as analogous to distinct emotion-related facial expressions and body
postures (mediated by the somatic branch of the EMS). These emotion-related changes in
peripheral target cells will directly or indirectly (for example, through changes in smooth
muscle activity) influence the interoceptive feedback to the brain, possibly contributing to
the characteristic prolonged duration of many emotional states, which can outlast the
initiating event by hours. Prolonged alterations in ANS output to the gut is likely to induce
changes in peripheral target cells — such as downregulation of adrenergic receptors on
immune cells39, reduced expression of TLRs33 on epithelial cells or changes in primary
afferent neurons40 — changing the gain of gut to brain signalling chronically and possibly
resulting in the remodelling of brain regions that receive this enhanced input41. Such lasting
changes in brain–gut signalling may be associated with tonic ANS dysfunction, which is in
turn associated with altered emotional states such as anxiety disorders or depression.
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Gut to brain signalling during homeostasis
There are between 200 and 600 million neurons in the human ENS, which is equal to the
number of neurons in the spinal cord1. They have been classified on the basis of their
morphology, electrophysiological properties and chemical coding into distinct classes of
functional specific neurons, including several classes of afferents1,42. The size and
complexity of the ENS is not surprising when considering the challenges posed by the
interface of the organism with its luminal environment: it interfaces closely with our largest
body surface (the intestinal surface area, which is approximately 100 times larger than the
surface area of the skin), with the largest population of commensal microorganisms of all
body surfaces (100 trillion microorganisms from 40,000 species with 100 times the number
of genes in the human genome43), with the gut-associated immune system (containing two-
thirds of the body's immune cells) and with thousands of enteroendocrine cells (containing
more than 20 identified hormones). These unparalleled relationships between the
gastrointestinal tract and the brain, with multiple bidirectional and often interacting
interoceptive communication systems, emphasize the importance of this system in the
maintenance of homeostasis. There are three basic mechanisms by which sensory
information is encoded in the gut: by primary afferent neurons, by immune cells and by
enteroendocrine cells (FIG. 1a).

Neuronal signaling
Based on the location of their cell body, the afferent neurons that innervate the gut are
divided into extrinsic (spinal and vagal afferents) as well as several classes of intrinsic,
primary afferents (IPANs)44 (FIG. 1a). IPANs greatly outnumber the extrinsic connections,
with an estimated 100 million IPANs versus 50,000 extrinsic afferent nerve processes in the
human gut1. Both intrinsic and extrinsic primary afferents show mechano- and
chemosensitivity to both physiological and noxious mechanical stimuli45. Luminal signals
do not influence afferent nerve terminals directly, but act through intermediate cells in the
lamina propria (including enteroendocrine cells)46. Both extrinsic and intrinsic primary
afferents provide input to multiple reflex loops to optimize gut function and maintain
gastrointestinal homeostasis during internal perturbations (BOX 3). Subpopulations of
modality-specific extrinsic primary afferents synapse with dorsal horn neurons in lamina I of
the spinal dorsal horn or with cell bodies in the vagal nucleus tractus solitarius (NTS),
providing the brain with a wide range of gut-related information. There are differences
between the stomach and the intestine in the relative importance of intrinsic and extrinsic
reflex regulation: whereas gastric function is predominantly regulated by vago–vagal
reflexes, which are modulated within the dorsal vagal complex by cortical, humoral and
endocrine signals, intestinal function relies primarily on intrinsic reflex regulation, mediated
by IPANs and enteric motorneurons1.

IPANs are connected with each other through excitatory synapses, forming extensive self-
reinforcing net-works47. Such networks are likely to amplify local signals that arise through
direct activation of IPANs by an afferent stimulus. Some IPANs are polymodal, for
example, responding to both chemical stimuli arising from entero-chromaffin cells as well as
to mechanical stimuli that result from gut contractions and distensions. Whereas IPANs feed
this information into a variety of local intramural reflexes that regulate and integrate gut
functions such as propulsion, secretion and blood flow (but do not communicate directly
with the CNS), extrinsic afferents provide afferent information to mesenteric, spinal and
supraspinal reflex loops involving larger distances of the bowel and different regions of the
gastrointestinal tract.

The fibres of the mechanosensitive extrinsic afferents that innervate the gastrointestinal tract
end within the mesentery and longitudinal and circular muscle sheets, within the enteric
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ganglia48–50, or in close proximity to interstitial cells of Cajal51. These afferent terminals are
sensitive to distension, contractions or movement of the gut through activation of a variety
of mechano-sensitive ion channels, including members of the transient receptor potential
(TRP) family (TRPV1, TRPV2, TRPV3 and TRPV4, and TRPA1) and acid-sensing
channels (ASICs)52. Subclasses of extrinsic afferents have been identified based on their
mechanical and electro-physiological response properties, including low- and high-threshold
mechanosensitive vagal and spinal afferents53–55. A large number of such afferents do not
respond to mechanical stimuli under normal conditions but develop mechanosensitivity
following inflammation56,57.

Different subpopulations of primarily vagal afferents terminate in close proximity (but
without specialized synaptic connections) to enteroendocrine cells58 Their terminals are
chemosensitive, responding to neuropeptides released from enteroendocrine cells in
response to luminal chemical and mechanical events (FIG. 1). Different classes of vagal
afferents express receptors for both orexigenic (hunger generating) as well as anorexigenic
(satiety generating) gut peptides contained in specialized enteroendocrine cells distributed
throughout the gastrointestinal tract, from the oral cavity to the colon. Recent evidence
suggests that the expression of these receptors on vagal afferents can be altered by the
nutritional state of the animal and possibly by diet59, and that the cholecystokinin 1 receptor
(CCK1R; also known as CCKAR) has an important role in this process60,61. The expression
of receptors for orexigenic peptides was found to be increased by fasting (increasing the
signal to eat), whereas that for anorexigenic peptides was decreased. These findings
demonstrate the plasticity of the vagal afferent phenotype depending on the homeostatic
state of the animal, analogous to the inflammation-induced phenotype switching of
mechanosensitive afferents discussed above. Terminals of some vagal afferents end in close
proximity to mucosal immune cells62 and have been shown to respond to a variety of
signalling molecules that are released by mast cells and lymphocytes, including tryptase,
histamine, 5-HT and various cytokines46.

Endocrine and paracrine signaling
Although enteroendocrine cells make up less than 1% of all gut epithelial cells, they
constitute the largest endocrine organ of the body. Based on their content, over 20 different
types of enteroendocrine cells have been described63,64. Enteroendocrine cells provide the
first level of integration for all chemical and certain mechanical stimuli that are related to
intraluminal gut contents. Their output is involved both in the regulation of digestive
functions through ENS circuits and in the regulation of CNS processes through endocrine
and paracrine signalling to vagal afferents. The relative importance of paracrine (for
example, vagal) versus endocrine signalling to the hypothalamus and other brain regions in
the regulation of food intake remains to be determined. Some enteroendocrine cells (so-
called open cells) respond to luminal contents through multiple receptors (FIG. 1b).
Mechanisms of enteroendocrine and enterochromaffin cell activation include depolarization
by activation of mechanosensitive cation channels located on microvilli in response to the
shearing forces of moving intestinal contents64, activation by fatty acids through an acyl
chain length-specific Ca2+-dependent mechanism65, presumably a G protein-coupled
receptor (GPCR)66, activation by vagal efferents35 as well as depolarization through G
protein-coupled taste receptors67. In addition, enter-oendocrine cells respond to the presence
and activity of intraluminal microbial organisms through pattern recognition receptors
(including TLRs), (reviewed in REFS 12,68). One example for this multimodal sensitivity is
illustrated by the observation of increased release of cholecystokinin from enteroendocrine
cells in response to intestinal pathogens69,70. There has been a recent surge of interest in the
sensors that detect sweet and bitter sensations and amino acids in the gut, which were
originally described as taste receptors in the tongue67. The taste receptor type 1 (T1R)
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family comprises three members that heterodimerize to form sweet taste receptors (T1R2
and T1R3) and amino acid receptors (T1R1 and T1R3), and the T2R family includes GPCRs
that are involved in bitter taste reception. As in the tongue, taste receptor signalling involves
a specific Gα subunit, α-gustducin, a taste-specific signalling protein with a prominent role
in bitter taste71. Each of the channels described above triggers different signal transduction
mechanisms, resulting in intracellular calcium increases and peptide release, or TLR-
mediated activation of NF-κb, activator protein 1 (AP1; also known as transcription factor
AP1) and interferon regulatory factors (IRFs); which leads to cytokine release12. Crosstalk
among these signalling channels might enable signals from pathogenic and commensal
microorganisms to alter the response of certain enteroendocrine cells to mechanical and/or
chemical stimulation59.

A particularly well-studied type of enteroendocrine cell is the 5-HT-containing
enterochromaffin cell of the small and large intestine64. 95% of the organism's 5-HT is
located in the gut, primarily in enterochromaffins. It is released on the basolateral side of
these cells in response to shearing forces that are produced by moving luminal contents64

that activate mechanosensitive cation channels located on microvilli on the apical side of
enterochromaffin cells. Although mechanically released 5-HT is essential for triggering
normal peristalsis and secretomotor reflexes, it is unknown if signalling to the CNS occurs
during such physiological sensing and if tonic, vagally medidated 5-HT signalling to the
brain is involved in modulating affective brain circuits.

Immune-related signaling
70–80% of the body's immune cells are contained within the gut-associated lymphoid tissue,
reflecting the unique challenge for this part of the immune system to maintain a homeostatic
balance between tolerance and immunity in the intestine. A single layer of columnar
intestinal epithelial cells (IECs) forms the barrier between the host and one of the largest and
most complex microbial habitats. The fact that mucosal immune cells remain
immunologically hyporesponsive to commensal bacteria but also maintain their
responsiveness to pathogenic organisms, suggests that under physiological conditions, the
intestinal immune system recognizes commensal bacteria and elicits basal or tonic signals in
the absence of full activation of the innate and adaptive immune response72. The physical
constraints that the undisturbed epithelial layer imparts on sampling the luminal space are
overcome by specialized lymphoid structures (including small intestinal Peyer's patches)
that are embedded in the lamina propria throughout the intestine72. Two epithelial
transduction mechanisms have been identified: specialized microfold cells that can sample
antigens and microorganisms, and deliver them through transcytosis to antigen processing
cells within Peyer's patches, and lamina propria dendritic cells, which extend their dendrites
between epithelial tight junctions, to sample the luminal environment. Similarly to
enteroendocrine cells, both EICs and dendritic cells express a wide range of pattern
recognition receptors, including TLRs73, emphasizing the central role of the gut in
interactions with microorganisms and in discriminating between pathogens and commensals.
Subsets of vagal afferent nerve terminals are in close proximity to mucosal immune cells
and contain receptors for signalling molecules released from these cells, including mast cell
products (proteases, histamine, serotonin and corticotropin releasing factor (CRF))62 and
cytokines that are released from macrophages. Immune cell products can indirectly
influence the functional properties of enteroendocrine cells, as illustrated by the increased
cholecystokinin secretion in a mouse model of gut inflammation owing to the release of
interleukin-4 (IL-4) and IL-13 from CD4+ T cells70. Similarly, changes in the properties of
the enterochromaffin cell-based 5-HT signalling system in the context of gut inflammation
have been described74.
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The effect on the brain
Despite the continuous stream of interoceptive signals from the gut to the brain, only a small
fraction of this information is consciously perceived, usually that which requires a conscious
behavioural response (for example, ingestive behaviours and defecation). However, recent
evidence suggests that various forms of subliminal interoceptive inputs from the gut,
including those generated by intestinal microbes, may influence memory formation,
emotional arousal and affective behaviours75.

Primary vagal and spinal afferents from the gastrointestinal tract project to the NTS and the
lamina I of the dorsal horn, respectively (FIG. 2). In addition, laminae V, VII and X receive
additional nociceptive spinal inputs. In mammals, activity of vagal projections from the NTS
and from lamina I are integrated in the parabrachial nucleus, which then provides an
integrated signal to behavioural control regions of the forebrain, including the hypothalamus
and amygdala76. Collaterals from these ascending vagal and spinal projections to medullary
serotonergic (raphe) and catecholaminergic nuclei (including the locus coeruleus complex)
provide input to ascending monoaminergic projections that can modulate cortical arousal. In
non-human and human primates, there is a direct projection from lamina I and from the NTS
to ventromedial thalamic nuclei. Parallel projections of lamina I afferents provide a direct
thalamo–cortical pathway that activates the ACC. Based on electrophysiological and
neuroanatomical data obtained in animals, Craig proposed the concept of a lamina I spino–
thalamo–cortical pathway, visible in primates and well-developed only in humans, that
provides a direct cortical image of the homeostatic state of the body (in the posterior and
mid insular cortex) that is modulated by input from emotional and cognitive brain circuits in
the ventral and dorsal portions of the anterior insula (aINS)77–80 (BOX 2). Even though a
close reciprocal relationship between interoceptive information (including different aspects
of gut-related information) and emotion has previously been proposed8,81, the human INS
— and its related brain networks (including the ACC, OFC and amygdala) — has emerged
as the most plausible brain region supporting this integration. Several recent studies,
including two quantitative meta-analyses82,83, have largely defined the general functional
subregions of the INS, with substantial homology to the functional neuroanatomy of non-
human primates. In one of these meta-analyses82, evidence for both differentiation into
function-specific subregions as well as integration of multiple functions within a single
subregion has been demonstrated. For example, visceral and sensory input were represented
in the mid posterior aspects of the INS, and olfactory and gustatory stimuli were represented
in the aINS and mid INS respectively, suggesting that distinct but closely adjacent INS
subregions are responsible for the primary representation of different aspects of ingestion-
related interoceptive inputs. A conjunction analysis across all of the domains revealed that
the majority of all tested functions overlapped in the dorsal aINS (with the exception of
basic somatosensory processes), suggesting that this brain region may be concerned with
integration of food-related (olfaction and taste), interoceptive, emotional and cognitive
functions.

Earlier intra-operative electrical stimulation studies84 had shown that stimulation of the
aINS was associated with gustatory and olfactory sensations, whereas stimulation of more
posterior subregions resulted in interoceptive and somatosensory sensations. The fact that
changes in gastric motility were also observed in these experiments is consistent with the
homeostatic reflex concept discussed in BOX 3. In addition to the mapping of different
nutrient-related functions onto the aINS, activation of a dorsal aINS subregion was seen in
correlation with cognitive functions79,80, and activation in a ventral aINS subregion was
seen in correlation with social–emotional functions, consistent with homologous findings in
non-human primates85. A recent connectivity study based on spatiotemporal oscillations in
the resting brain confirmed the existence of a ventral aINS-centered network86. Based on the
close structural connectivity of different INS subregions in non-human primates85, it can be
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assumed that the close spatial association of function-specific INS subregions found in
human brain imaging studies allows for the necessary integration of parallel inputs related to
the homeostatic state of ingestion-related functions with cognitive and emotional influences.
In the case of signals related to the olfactory87, gustatory88 and viscerosensory dimensions
of food intake, this integration is accomplished through close connections of the aINS both
to a ventral circuit (including the amygdala, ACC and OFC, and the ventral striatum) and a
dorsal circuit involving the dorsolateral PFC and the dorsal striatum89.

Emotional and executive function
Effects of gut to brain signalling on emotional function

Although it is intriguing to speculate about the effects of enteroendocrine and
enterochromaffin cell–vagal signalling to the brain as an important mechanism of emotion
modulation in health and disease, the experimental literature mostly supports the hedonic
effects of food intake (taste and satiation) and the aversive effects of acute mucosal
inflammation or irritation by luminal toxins and pathogens. Ingesting foods that are
beneficial for the organism is associated with a feeling of pleasure, whereas ingestion of
potentially harmful foods elicits negative emotions, such as nausea. Gut-based
neuroendocrine signalling systems (involving signalling molecules located in different
classes of enteroendocrine cells) can signal satiety (including cholecystokinin, peptide YY,
glucagon-like peptide 1 (GLP1)), hunger (ghrelin) and nausea (5-HT), whereas those located
in mucosal immune cells (including CRF, 5-HT, proteases and cytokines) can signal pain,
discomfort, nausea and fatigue. Little is known about the possible role of enterochromaffin
cell–vagal signalling or the role of intestinal taste receptor activation in background
emotions. However, a small number of studies in animal models show a possible role of the
gut microbiota in emotional behaviour in rodents13,14,90–92, even though the mediating
signalling mechanisms are poorly understood. Intraluminal infusion of nutrients has been
shown to modulate flavour preferences and acceptance in rodents93. Intragastric infusion of
fatty acids in human subjects resulted in a reduced brain response to experimentally induced
sad emotions94

Meta-representation of gut-related feeling states
A growing literature on the topic of different sensory modalities supports the concept that
actual viscerosensory (and somatosensory) stimulation, as well as expected or imagined
sensory experiences, engage different regions of the INS. For example, although actual
distension of the gut in healthy subjects is associated with activation of the mid INS and
aINS, consistent with the reported findings about insular viscerosensory representation82,
the expectation of visceral pain has been shown to be associated with activation of the aINS
only95, consistent with the role of the aINS in the processing of interoceptive memories.
Similar findings had previously been reported for expected somatic pain96.

Activations of aINS (and ACC) have also been reported when subjects experienced disgust,
or viewed images of others experiencing disgust97, in the absence of a vagally mediated
signal from the gastrointestinal tract signalling nausea. This suggests that homeostatic
reflexes at the level of the aINS and ACC can be triggered in the absence of interoceptive
input, presumably based on the recall of interoceptive memories while viewing an
interoceptive feeling expressed by another individual or by expecting or imaging a particular
feeling state.

The mechanisms and functional neuroanatomy underlying the formation of interoceptive
memories of complex gut-related homeostatic states with affective and motivational
dimensions (such as pain, nausea, hunger and satiation) are incompletely understood but are
likely to include the encoding of such memories during development, possibly beginning
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with the earliest experience of pain (hunger and abdominal discomfort) and pleasure related
to food intake of the newborn. Gut to brain signalling in the newborn underlies early
undifferentiated emotions and stereotypic behavioural responses (suckling, vomiting,
defecation and crying). It represents the primary mechanism that regulates positive and
negative feeling states, providing the child with the first value-based map of the world,
founded on positive and negative experiences related to food intake, satiation and associated
gut responses. For example, the response to sweet taste receptor stimulation of the tongue in
the newborn is a stereotypically organized reflex response also seen in decerebrate rats98

and in anencephalic infants99. The concept of a body-based value map is closely related to
the ‘somatic marker’ hypothesis or to the concept of interoceptive memories (BOX 2). For
example, the close relationship between sucrose ingestion and the resulting activation of
sweet taste receptors on the tongue and central release of opioids (important mediators of
homeostasis and well being), has been shown both in rodents100 and in children101. This
basic gut-based neurochemical encoding of feeling states is often maintained in the adult but
complemented by learned meta-representation of such sensations (FIG. 3). For example, the
close relationship of the gastric-based ghrelin signalling system, which plays a prominent
part in the generation of the homeostatic emotion of hunger, and the associated craving for
food, with the dopamine-based reward system is maintained throughout development, as
peripherally released ghrelin can stimulate central dopamine release through vagal and
endocrine mecha-nisms102. These initially gut-based responses to appetitive and aversive
stimuli may also form the basis for interoceptive brain-based memories of basic emotional
states (FIG. 3) that are relevant for complex social emotions, including predictions about the
future and intuitive decision making. The fact that predictions and prediction errors are
associated with activations of sub-regions of the aINS103,104, and that patients with lesion of
the OFC, a brain region closely connected to the aINS, are greatly compromised in their
ability to make adaptive decisions about the future105, provides indirect evidence for such a
hypothesis. It has been speculated that a system of specialized cells (von Economo (VEN)
cells) that are located in the aINS and share certain receptors and peptides that are rare in
other brain regions but abundant in the ENS (including bombesin-like peptides and 5-HT
receptor 2B (5HT2B)), may be related in evolutionary terms to gut–brain signals106. The
proposed close relationship between brain and gut systems is supported by evolutionary,
developmental and neurobiological evidence. For example, there is a close relationship
between pleasant gut-related emotions (associated with food intake) and social interactions
in societies and cultures of human and non-human primates, as well as in lay language.
Conversely, there is a close relationship between negative gut-related feeling states
(including nausea and abdominal discomfort) and social withdrawal.

The close relationship between gut signalling systems, basic feeling states and meta-
representations of these feeling states in basic emotions and behaviours is not limited to
nutrient-related signals. Gut-based signalling systems that are related to an insult of gut
homeostasis (by chemicals, toxins and inflammation) can easily fit into this general model.
This includes the 5HT–5HT3 receptor–vagal signalling system related to toxin-induced
nausea107, the cytokine–vagal signalling system108 that is engaged in the generation of
fatigue and sickness behaviour, and the CRF signalling system that is related to the threat of
mucosal homeostasis by gut inflammation109. The concept of a primordial stress response
system that is related to immune activation, which is co-opted into a generalized stress
response system for both interoceptive and exteroceptive stressors has previously been
suggested110. Given the magnitude and complexity of gut-based signalling systems,
compared to those of other organs, brain–gut interactions have to be considered an
important, but largely ignored, component of the neuroscience of emotions.
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Decisions based on gut feelings
As discussed above, the popular statement that somebody has made a decision based on their
gut feelings may have an actual neurobiological basis related to brain–gut interactions, and
to interoceptive memories related to such interactions. Specifically, evidence from
neuroimaging studies in humans has implicated the fronto-insular cortical regions, in
particular subregions of the aINS, in intuitive decision making. Intuitive decision making
can be defined as the rapid assessment of the probability of a favourable or unfavourable
outcome of a planned behaviour in a situation of uncertain outcomes, which is dependent on
previous experiences rather than on serial processes of inductive and or deductive
reasoning103,111. It has been suggested that large spindle shaped neurons that are primarily
located in the fronto-insular region of the brain, and present in humans and other mammals
with complex social interactions, may be involved in such unique cognitive processes106. It
remains to be determined if such intuitive decision making is based on an interoceptive map
of gut responses, acquired during infancy and refined during development.

Perturbation of homeostasis
Considerable experimental evidence demonstrates the plasticity of the brain–gut axis during
acute and chronic perturbation of homeostasis, including changes in gut to brain signalling
that are associated with increased consumption of fat-rich diets59 and neuroplastic changes
in visceral afferent pathways associated with gut inflammation74,112.

Alterations in signalling systems
Extensive evidence supports the involvement of different peripheral signalling systems in
perturbations of gut to brain signalling. For example, when intestinal enterochromaffin cells
are activated by potentially noxious stimuli, such as food-related or bacterial toxins (or
certain chemotherapeutic drugs), increased 5-HT release activates 5-HT3 receptors on
myenteric IPANs as well as on vagal afferents, resulting not only in exaggerated intestinal
motor and secretory reflexes but also in the activation of brain regions receiving vagal input.
Activation of this enterochromaf-fin cell–vagal afferent pathway by harmful substances,
including certain pathogens, is associated with the subjective sensations of discomfort and
nausea, and may be accompanied by vomiting. Together, the peripheral and central
responses initiate a complex adaptive response aimed at expelling the offending agent.

Another well-characterized example of a brain–gut signalling system that is engaged during
perturbation of homeostasis is the CRF signalling system. Central release of CRF during
experimental stress, or central injection of this peptide in unstressed animals produces a
distinct, stereotypic pattern of stress-induced gastrointestinal motor and secretory responses
that are associated with anxiety-like behaviours23. As the stress-induced gut response can be
prevented by either peripheral or central CRF1 receptor antagonism, both peripheral and
central CRF–CRF receptor 1 (CRFR1) signalling systems seem to be involved. The slowing
or reversal of gastric motility and the acceleration of distal bowel motility and secretion
result in the reduced exposure of the gastrointestinal tract to luminal factors, reducing the
metabolic demand generated by gut-related motor, secretory and absorptive function, and
shifting blood flow to the cardiovascular and skeletomotor system for the fight and flight
response.

Inflammatory changes in the viscera, including the liver and the gut, can result in cytokine-
mediated vagal activation of the hypothalamus and related limbic brain regions, resulting in
hyperalgesia and social withdrawal referred to as ‘sickness behaviour’113. Additional non-
vagal mechanisms by which peripheral cytokines can reach the CNS have been
reported114,115. Mucosal release of cytokines and other inflammatory mediators including
bradykinin, histamine and proteases can also result in sensitization and activation of spinal
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afferent terminals, resulting in visceral hyperalgesia. Multiple effects of such inflammation
or toxin-induced changes in afferent terminals have been reported, including release of
neuropeptides such as substance P and calcitonin gene-related peptide from afferent nerve
terminals116, development of mechanosensitivity of previously unresponsive afferents and
development of peripheral and central sensitization, resulting in greatly increased signalling
of visceral afferent information to the CNS56.

Brain–gut interactions in chronic disease
Even though dysregulations of the brain–gut axis have been implicated in several chronic
disorders, convincing evidence to support such a pathophysiological role is limited to
several chronic gastrointestinal disorders (including so-called functional gastrointestinal
disorders (FGIDs) and inflammatory bowel diseases (IBDs)) and to eating disorders,
particularly obesity117 and anorexia nervosa89.

FGIDs comprise a heterogeneous group of disorders characterized by chronically recurring
pain and discomfort that is conveyed to different regions of the gastrointestinal tract. They
are often associated with alterations in gastrointestinal function, and characterized by the
absence of any agreed upon biological, physiological or anatomical abnormalities that would
explain the symptoms118. In the majority of patients, increased levels of anxiety are present,
and co-morbid diagnoses of anxiety and depression are seen in up to 60% of patients. Based
on symptom criteria, but in the absence of any syndrome-specific pathophysiological
findings, up to 40 different functional gastrointestinal syndromes have been postulated,
including functional chest pain of presumed oesophageal origin, functional dyspepsia and
irritable bowel syndrome (IBS)118,119. A characteristic feature of all of these disorders is the
frequent overlap of symptoms belonging to one syndrome with one or several others in the
same patient, concurrently or at different life periods. One of the most common and best-
studied syndromes is IBS120,121. Despite intense clinical and preclinical research efforts
during the past 20 years, no single biological abnormality has been identified that would
explain the symptoms of chronically recurring pain and discomfort in all of the patients
meeting current symptom-based criteria. Based on animal models and on studies performed
in human patient populations, peripheral mechanisms that have been implicated include long
lasting sensitization of primary afferent pathways innervating the intestine, altered
microflora– epithelial–immune interactions (including alterations in mast cell regulation,
increased epithelial permeability and altered gut microflora)122. Perceptual hypersensitivity
to experimental and physiological gut signals is common among patients with IBS123, but it
remains unclear if this reflects an increased interoceptive signal from the gut, a central
amplification mechanism related to altered cognitive and affective modulation of the
perception of normal or even reduced gut signals. Based on a growing number of brain
imaging studies in patients with IBS, alterations in brain responses to controlled gut
distension as well as to expectation of such gut discomfort have been reported9. In a recent
meta-analysis of 18 studies comparing brain responses to rectal distension in patients with
IBS and healthy control subjects, patients with IBS showed greater activation of brain
regions that are involved in the processing of visceral afferent information, in emotional
arousal and in cortical modulation. Recent evidence suggests the presence of regional
cortical thickness changes in corresponding brain regions41,124. It remains to be determined
whether the observed functional and structural brain changes are secondary to chronically
increased gut to brain signalling and/or whether they are primary brain-based abnormalities
that play a part in pain amplification and altered autonomic regulation of gut function. An
important role of central dysregulation in IBS pathophysiology is suggested by the common
co-morbidity with other functional gastrointestinal and non-gastrointestinal syndromes
(including, but not limited to, interstitial cystitis or painful bladder syndrome, fibromyalgia
and temporomandibular disorder), by the common affective co-morbidity, the prominent
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role of stress in symptom onset or exacerbation, the responsiveness of these syndromes to
centrally targeted therapies (including tricyclic antidepressants and cognitive behavioural
therapies) and the fact that the first onset of abdominal pain symptoms in children is often
preceded by increased anxiety125.

Inflammatory gastrointestinal disorders
Despite a wealth of preclinical data on the acute and persistent effects of gut inflammation
on intrinsic and extrinsic gut innervation (reviewed in REFS 56,74,112,126), the role of
chronic intestinal inflammation on symptoms and brain responses in human patients with
inflammatory bowel diseases (IBDs), such as ulcerative colitis and Crohn's disease, or gut
infections are poorly understood. Surprisingly, abdominal pain or persistent visceral
hyperalgesia to experimental stimuli is not a prominent feature in most patients with an
uncomplicated IBD, and only a small percentage of patients with IBD or with infectious
gastroenteritis, experience persistent pain once the inflammation has resolved127. The
effective engagement of peripheral128 as well as central129 pain inhibition systems have
been proposed as plausible mechanisms for this paucity of pain symptoms in the majority of
patients with IBD. Similarly to IBS, it remains to be determined whether commonly reported
co-morbidity with anxiety and depression130,131 is a consequence of the primary disease,
plays a part in the chronicity of symptoms or is a vulnerability factor. Evidence from animal
models supports a modulating role of the brain on gut inflammation132.

Eating disorders
Disturbances in ingestive behaviour are common in industrialized societies and both obesity
and anorexia nervosa are major health problems in terms of morbidity, mortality and
healthcare costs133,134. Although obese subjects eat beyond their caloric needs, with food
intake driven primarily by the craving for the hedonic value of food, despite the known
negative health consequences117, individuals with anorexia nervosa have an ego-syntonic
resistance to eating and an obsession with weight loss, despite a preoccupation with food
and eating rituals89.

Despite the extensive progress in the understanding of peripheral and central contributions
of altered brain– gut interactions in obesity (reviewed in REFS 117,135), attempts at
pharmacological treatments have been disappointing and various gastric surgical procedures
are currently the most effective treatment136. Even though the current obesity epidemic is
likely to be multifactorial, a shift in the balance between hedonic and homeostatic regulation
of food intake, a compromised effectiveness of cortical control mechanisms and changes in
peripheral encoding mechanisms in the gut seem to play an important part. For example,
diet-induced down-regulation of satiety-inducing gut to brain signaling mechanisms have
been reported, including leptin and insulin resistance and alterations in the normal chole-
cystokinin-dependent molecular switching mechanisms in vagal afferents during food intake
from an orexigenic to an anorexigenic phenotype137. At the same time, considerable
evidence for alterations in the regulation of the hedonic aspects of food intake have been
reported, consistent with the concept of food addiction135. Brain imaging findings in humans
who are obsese are consistent with an enhanced sensitivity of the reward circuitry to food
cues (for example, viewing images of high caloric food) that predict reward, but a decreased
sensitivity to the rewarding effects of actual food ingestion (interoceptive stimuli) in
dopaminergic pathways. As several of the gut peptides are able to stimulate the central
dopamine system (including ghrelin, leptin and insulin), the observed changes in the central
reward circuits may in part be due to diet-related neuroplastic alterations in peripheral
encoding mechanisms and the reduced responsiveness of interoceptive signalling
mechanisms from the gut.
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The alterations in the central regulation of food intake in anorexia nervosa have recently
been reviewed89. Despite the behavioural abnormalities, and more recently the brain
abnormalities, that have been reported in patients, little is known about possible alterations
in gut to brain signalling mechanisms and in particular about possible alterations in vagally
mediated neu-ropeptide signalling to the brain. However, the fact that patients with anorexia
nervosa showed reduced responses in homeostatic afferent brain regions (the aINS and
ACC) in response to oral sucrose administration and that no correlation between activity in
these regions and self-ratings of the pleasantness of the administered sucrose was observed,
suggest that the influence of interoceptive signals from the gastrointestinal tract on ingestive
behaviour is reduced.

Proposed disease model for altered brain–gut interactions
Analogous to cognitive models of anxiety138–140 and based on the central role of ineffective
coping strategies (such as catastrophizing or hypervigilance) and anxiety in determining
symptom severity in several functional gastrointestinal disorders, a central role of altered
appraisal and prediction error has been proposed125 (FIG. 4). This model posits a mismatch
between the actual interoceptive image of the digestive system represented in the INS and
the predicted state, based on a negatively valenced interoceptive memory of such
experiences. The mismatch results in hypervigilance towards gut-related sensations and
emotional arousal, engagement of ANS reponses and possibly enhanced sensory perception.
In the case of obesity and food addiction, the proposed model postulates a mismatch
between the expected reward and the actual delivery of reward. This mismatch will promote
compulsive overeating as an attempt to achieve the expected level of reward135. The
mechanisms that underlie the failure to correct the mismatch by updating the predicted state
are unclear but have been discussed in the context of learning theory and reinforcement
learning141,142.

Conclusions and future directions
Tremendous progress has been made in our understanding of the bidirectional crosstalk
between the brain and the digestive system. This includes the remarkable success in
mapping the functional neuroanatomy of the ENS, in our understanding of how the brain
modulates these ENS circuits and gut functions, and in unravelling the complexity of gut to
brain signalling through multiple parallel but interacting communication channels.
Alterations in brain–gut interactions that are associated with gut inflammation, chronic
abdominal pain syndromes, eating disorders and psychosocial stressors have been
characterized, even though the development of effective therapies for any of these
conditions has been disappointing. By contrast, many aspects of gut to brain signalling that
are addressed in this article, in particular the role of this signalling in emotional and
cognitive function, remain speculative at this point but may guide future research. Several
important questions remain to be addressed. What role does gut to brain signalling have in
brain development during early life and what part does it play in adults? For example, does
gut to brain signalling early in life influence the development of adult ingestive behaviour,
visceral pain sensitivity, mood and affect, interoceptive memory and intuitive decision
making? What roles do taste receptors and the microflora play in this interoceptive
signalling? Does mucosally driven vagal input to the brain play a part in brain development?
Is there a role for alterations in microbial signalling to the gut and in gut signalling to the
brain in the pathophysiology of anxiety and depression, as suggested by the common
overlap of several brain–gut disorders with disorders of mood and affect? And what part do
interoceptive memories and prediction errors play in human disease states? One of the great
advantages in addressing these questions is the fact that most of these hypotheses can be
studied in human patients, from whom stool samples for metagenomic sequencing of the
microflora and gut tissue for analysis of signalling mechanisms can be obtained relatively
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easily by endoscopic biopsies, and brain structure, function and signalling can be studied
with non-invasive neuroimaging techniques.
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Abbreviations

Enteric nervous
system

Ganglionated plexus of neurons that is located between the
layers of the gut. These neurons, which are equal in number to
those in the spinal cord, are able to regulate basic gut functions,
such as the peristaltic reflex.

Emotional motor
system

System of parallel outflows from cortico–limbic–pontine
networks that is engaged during distinct homeostatic states. A
medial component provides tonic modulation of spinal reflexes
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and a lateral component plays a part in executing distinct
regional motor patterns of the viscera through autonomic
pathways

Enteroendocrine cell Specialized epithelial cell that releases secretory granules,
containing one or several gut peptides, on the basolateral side
(and possibly luminal side) in response to luminal chemical,
mechanical and possibly neural stimuli.

Enterochromaffin
cell

Specialized epithelial cell that releases secretory granules,
containing primarily serotonin, on the basolateral side (and
possibly luminal side) in response to luminal chemical,
mechanical and possibly neural stimuli.

Intrinsic reflex Also known as an intramural reflex. A reflex of the enteric
nervous system in which the afferents, interneuron and efferent
neurons that are involved are all contained within the gut wall.

Intrinsic, primary
afferent

Afferent neuron with its cell body contained within the enteric
nervous system, that encodes mechanical and paracrine signals.

Commensal bacteria Refers to the 100 trillion bacteria that live in symbiosis with the
gut and make up the intestinal microflora.

Myenteric Subplexus of the enteric nervous system, which is localized
between the circular and longitudinal muscle layer.

Ego-syntonic Psychological term referring to behaviours, values and feelings
that are in harmony with, or acceptable to, the needs and goal of
a person or that are consistent with a person's ideal self image.
This trait is typically seen in patients with anorexia nervosa.
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Box 1

Evolutionary and developmental aspects of the enteric nervous system

From an evolutionary standpoint, it is clear that the enteric nervous system (ENS) is not
uniquely human or even mammalian: homologues of an ENS are found throughout the
animal kingdom, including in insects, snails and marine polyps143–145. It has been
suggested that the ganglia that form the primitive brains of helminths, and eventually the
brains of higher mammals, were derived from the more primitive but homologous enteric
nerve circuits146. Thus, neural circuitries and transmitter systems that have evolved to
assure optimal responses (approach and withdrawal responses) to the challenges
presented by our internal — for example, luminal — environment may have been
incorporated into the CNS during evolution. Developmentally, the ENS arises from
precursor cells that migrate from the neural crest along the vagus to settle and
differentiate in the gut147. Based on its close bidirectional connections with limbic and
autonomic regions of the brain148, the ENS can be viewed as a peripheral extension of
the limbic system into the gut, where it is exposed closely to our complex internal
environment, including powerful mechanical, chemical and microbial influences.
Alternatively, parts of the CNS (in particular, pontine, autonomic and limbic circuits) can
be viewed as an encephalized portion of the ENS.
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Box 2

Influential theories of brain–viscera interactions

The first comprehensive scientific theory of brain–viscera interactions was formulated in
the 1880s by William James and Carl Lange and was based on the central concept that
stimuli that induce emotions such as fear, anger or love initially induce changes in
visceral function through autonomic nervous system output, and that the afferent
feedback of these peripheral changes to the brain is essential in the generation of specific
emotional feelings8. According to this theory, we feel anxious because we perceive our
heart beating faster, because we become aware of our respiration becoming more
frequent and shallower, or because we feel ‘butterflies’ in our stomach. In the late 1920s,
Walter Cannon challenged the James–Lange theory, postulating that emotional feelings
are generated directly by subcortical brain regions rather than from the feedback of
situational bodily changes. He proposed that such bodily changes that are associated with
emotional states are simply by-products of these brain changes, and that the visceral
responses are too slow to play any part in the subjective experience of emotional
feelings7.

Modern theories of emotion and consciousness that were proposed in the form of the
‘somatic marker’ hypothesis by Antonio Damasio81, and the ‘homeostatic emotion’
hypothesis by A. D. Craig78 have re-emphasized the importance of interoceptive
feedback in emotional states and cognitive processes, and have largely overcome the long
lasting controversy about the directionality of brain–viscera interactions in the generation
of emotions.

For example, Damasio eloquently proposed that somatic markers (for example, memories
of body states associated with previous feeling states) arise from positive or negative
emotional feeling states being associated with visceral and other bodily responses (body
loops) to certain contextual situations. According to this theory, these body loops, or their
meta-representations in the orbitofrontal cortex (OFC), may play a part not only in how
somebody feels at a given moment but may also influence future planning and intuitive
decision making. For example, according to Damasio, somatic markers may covertly
result in “undeliberated inhibition of a response learned previously … [or] the
introduction of a bias in the selection of an aversive or appetitive mode of
behavior”81,149.

Craig's homeostatic emotion hypothesis postulates that, in humans and anthropoid
primates, an image of the homeostatic state of the body is created in the primary
interoceptive cortex (dorsal posterior insula) through lamina I spinothalamic and vagal
afferent tract projection to a specific thalamocortical relay nucleus in the posterolateral
thalamus77. This interoceptive cortex contains modality-selective representations of all
afferent activity from lamina I (that is, sympathetic afferent input) and from the nucleus
tractus solitarius (parasympathetic input). According to Craig, re-representation of the
image from the posterior insula to the mid and anterior insula, and modulation by inputs
from affective, cognitive and reward-related brain circuits creates a feeling about the
homeostatic state of the body in the anterior insula78,80. Together with the parallel
processed signal in the anterior cingulate cortex (ACC), a homeostatic emotion arises,
made up of a feeling dimension represented in the anterior insula and a motivation
dimension represented in the ACC78.
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Box 3

The brain–gut axis is a system of hierarchical homeostatic reflexes

The brain–gut axis can be conceptualized as a hierarchy of reflexes, from the reflex
circuits contained within the enteric nervous system to the highest reflex loop involving
the insular cortex and anterior cingulate cortex (AC C) (see the figure). Whereas many
local physiological responses of the intestine to stretch or chemical stimulation
(peristaltic, secreto-motor reflex) only involve enteric reflexes (for example, the entire
reflex loop is contained within the bowel wall), most gastric reflexes and reflexes
involving spatially distinct regions of the gastrointestinal tract (for example, duodeno–
gastric feedback pathways in the regulation of gastric emptying) involve mesenteric
reflexes (the reflex loop involves mesenteric ganglia) or vago-vagal reflexes (the reflex
loop involves the dorsal vagal nucleus). Gut responses to nociceptive stimuli typically
involve spinal and supraspinal reflexes, engaging strong emotional and autonomic
responses. The engagement of circuits outside of the gut wall integrates interoceptive and
exteroceptive information to optimize homeostatic regulation of intestinal function.
Pontomedullary nuclei (including the midline raphe nuclei and the locus coeruleus
complex) exert a tonic inhibitory influence on the gain of these reflexes, whereas top-
down influences that originate in prefrontal regions can regulate sympathetic and vagal
outputs as well as modulate the dorsal horn through descending influences. Top-down
influences are engaged in responses to environmental stimuli (threat and safety) and in
the recall of memories, including interoceptive memories. The conscious awareness of
interoceptive images that is generated either by signals from the gut or by the recall of
interoceptive memories of such signals is associated with the perception of emotional
feelings, including pain, disgust or well being. The nucleus tractus solitarius (NTS) is the
vagal relay nucleus in the medulla that receives input from function-specific vagal
afferents and signals through interneurons to the vagal premotor neurons in the dorsal
motor nucleus of vagus (DMNV). The NTS and DMNV make up the dorsal vagal
complex (DVC). A1, A2 and A5 are medullary catecholaminergic nuclei to autonomic
effector regions in the rostro–ventro–lateral medulla (RVLM) and ventromedial medulla
(VMM). The periaqueductal grey (PAG) receives inputs from the parabrachial nucleus
and also from forebrain regions, including the hypothalamus, amygdala and anterior
cingulate cortex, and the prefrontal cortex (PFC). It is organized into function-specific
columns. The PFC provides the highest cortical modulatory input to the insula (INS) and
ACC. ANS, autonomic nervous system.

Mayer Page 24

Nat Rev Neurosci. Author manuscript; available in PMC 2013 December 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mayer Page 25

Nat Rev Neurosci. Author manuscript; available in PMC 2013 December 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Gut to brain communication
a | Endocrine, immune and neuronal afferent signalling from the gut to the CNS.
Information about luminal factors and conditions of the gut are signalled through extrinsic
vagal and spinal afferents to the brain stem and spinal cord, respectively. Mechanical stimuli
(stretch, pressure, distortion and shearing forces) can activate spinal, vagal and intrinsic
primary afferents (IPANs) directly, without intermediary cells such as the enteroendocrine
(EE) cells. Although no synaptic connections have been found between IPANs and extrinsic
afferents, the latter form networks around myenteric ganglia (intraganglionic laminar
endings27), many of which receive synaptic input from IPANs. Signalling molecules
(including proteases, histamine, serotonin and cytokines) that are produced by immune cells
in Peyer's patches and within the gut epithelium can activate their respective receptors on
vagal and spinal afferents. Similarly, neuropeptides and hormones (gut peptides) that are
released from EE cells in response to other luminal factors, such as nutrients, toxins or
antigens, can act both in an endocrine fashion, reaching targets in the brain (area postrema,
dorsal vagal complex and hypothalamus), and through receptor activation on spinal and
vagal afferents, in a paracrine fashion. Enterochromaffin (EC) cells signal to both IPANs
and vagal afferents. b | Encoding of multiple luminal signals by EE cells. Different classes
of EE cells are interspersed between gut epithelial cells throughout the gastrointestinal tract.
Upon luminal stimulation (or upon activation by postganglionic sympathetic or vagal
nerves), these cells can release up to 20 different gut peptides from their basolateral (and
possibly luminal) surface. Released peptides can activate closely adjacent vagal afferent
nerve terminals in a paracrine fashion, or when released into the circulation they can exert
an endocrine effect, signalling to various sites in the brain and other parts of the
gastrointestinal tract. Different types of receptors have been identified on the luminal side of
EE cells, including G protein-coupled taste receptors (GPCRs) for sweet and bitter tastants,
GPCRs that are responsive to fatty acids and toll-like receptors (TLRs). The intestinal taste
receptors that are shown are coupled to a specific Gα protein subunit, gustducin (Gαgust),

Mayer Page 26

Nat Rev Neurosci. Author manuscript; available in PMC 2013 December 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and receptor-induced increases in intracellular calcium result in peptide release from the
basolateral membrane. [Ca2+]i, intracellular calcium concentration; DAG, diacylglycerol; GI
peptide, gastrointestinal peptide; GPR40, G protein-coupled receptor 40; InsP3,
Inositol-1,4,5-trisphosphate;. PIP2, aquaporin PIP2 member; PKC, protein kinase C; PLCβ2,
phospholipase Cβ; T1R, taste receptor type 1 member; TRPM5, transient receptor potential
cation channel subfamily M member 5 (specifically linked to taste receptor signalling);
VSCC, voltage-sensitive Ca2+ channel.
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Figure 2. Gut–brain signalling related to food intake
Nutrient-related signals reach the CNS through spinal, vagal and endocrine signalling
pathways. Endocrine signalling of gut peptides that are released into the systemic circulation
reach the dorsal vagal complex through the area postrema where they modulate the
transmission of afferent vagal signals to the dorsal motor nucleus. These gut peptides also
reach specialized neurons within the hypothalamus. Paracrine signals activate function-
specific vagal afferent fibres that ultimately signal to subregions of the anterior insula
(aINS). The sensory aspect of taste is primarily encoded in the aINS, but the multimodal
integration of satiety signals with the sensory properties of food (including its flavour,
palatability and reward value) as well as the context of food intake (including food related
visual and auditory signals) occurs in the orbitofrontal cortex (OFC). Further integration
with inputs from the reward system and with interoceptive memories of previous food
ingestion generates a multidimensional food-related experience that ultimately determines
ingestive behaviour. Prefrontal regions exert cognitive control over ingestive behaviours.
Learning about food-related experiences and the formation of interoceptive memories is an
important aspect of the cortical circuitry that is involved in this process. ACC, anterior
cingulate cortex; AP, area postrema; ARC, arcuate nucleus; cNTS, caudal NTS; HIPP,
hippocampus; LH, lateral hypothalamus; NAc, nucleus accumbens; NTS, nucleus tractus
solitarius; PeF, pernifornical hypothalamus; OLF, olfaction; PFC, prefrontal cortex; rNTS,
rostral NTS; VTA, ventral tegmental area.
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Figure 3. Gut signalling systems, gut sensations and meta-representations of such sensations
Gastrointestinal interoceptive signals to the brain play a key part in the maintenance of
homeostasis under resting conditions. Whereas signalling under homeostatic conditions is
generally associated with pleasant sensations (satiety), signalling under non-homeostatic
conditions is typically associated with aversive sensations (pain and nausea). Perception of
these signals as gut sensations is associated with activation of the anterior insula (aINS) and
the orbitofrontal cortex (OFC), where gustatory, olfactory and viscerosensory signals are
integrated and where they are modulated by affective and cognitive input. The generation of
such gut sensations can lead to the formation of interoceptive memories of the
multidimensional experience associated with the sensation (such as the feeling of nausea
associated with a disgusting experience or a particular taste with a pleasant social
experience). The interoceptive memory is encoded within a distributed network involving
the aINS, OFC, the amygdala (AMYG) and hippocampus (HIPP). Often, environmental
stimuli that are unrelated to the gut, such as an image, sound or smell, may trigger the recall
of these feeling states as meta-representations of the original gut-triggered sensation. The
experience of such memories can result in the engagement of similar brain regions (aINS,
anterior cingulate cortex (ACC), OFC and amygdala) in the absence of gut signalling. This
recall may be the basis for feelings such as disgust, craving or emotional pain, in the absence
of any interoceptive input from the gut, and may occur when watching another person in
pain, when hearing about a disgusting experience or when viewing images of rich foods.
Recall of such memories without conscious awareness may bias behavioural responses149,
and such behavioural biases may be a reflection of an internal value map based on ‘gut
feelings’. 5-HT, 5-hydroxytryptamine (serotonin); CKK, cholecystokinin; CRF,
corticotropin releasing factor; NPY, neuropeptide Y; PY, peptide YY; SP, substance P.
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Figure 4. Interoceptive memory and prediction error in chronic disease
According to a theory proposed by Paulus and Stein138, the mismatch of actual interoceptive
input reaching the anterior insula (aINS) through body to brain signalling, with a falsely
predicted interoceptive state (from interoceptive memory and/or influences on the aINS
from prefrontal and limbic influences) results in the engagement of anterior cingulate cortex
(ACC). Mismatch-related ACC activation is associated with emotional arousal, increased
sympathetic and sacral parasympathetic activity and engagement of descending bulbospinal
sensory facilitation systems, and may be associated with a conscious feeling of anxiety and
worry. When adapted to functional gastrointestinal disorders125, the autonomic response to
the mismatch is likely to change the state of the gut through modulation of multiple target
cells (for example, activation of motor and secretory activity in the distal colon that is
associated with stress), which in turn is likely to produce altered interoceptive feedback to
the INS. The failure to correct the prediction error by updating the predictive state (as would
be expected in a healthy individual) results in chronicity of symptoms through chronic
functional and structural dysregulation of the brain–gut axis. Mismatches between actual
interoceptive input from nutrient related signals from the gut and interoceptive memories of
hedonic experiences of food intake have been implicated in obesity135. ACC, anterior
cingulate cortex; AMYG amygdala; ANS, autonomic nervous system; HIPP, hippocampus;
OFC orbitofrontal cortex; PFC prefrontal cortex.
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