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Gastrointestinal hormones and the dialogue
between gut and brain
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Abstract The landmark discovery by Bayliss and Starling in 1902 of the first hormone, secretin,
emerged from earlier observations that a response (pancreatic secretion) following a stimulus
(intestinal acidification) occurred after section of the relevant afferent nerve pathway. Nearly
80 years elapsed before it became clear that visceral afferent neurons could themselves also be
targets for gut and other hormones. The action of gut hormones on vagal afferent neurons is
now recognised to be an early step in controlling nutrient delivery to the intestine by regulating
food intake and gastric emptying. Interest in these mechanisms has grown rapidly in view of the
alarming global increase in obesity. Several of the gut hormones (cholecystokinin (CCK); peptide
YY3–36 (PYY3–36); glucagon-like peptide-1 (GLP-1)) excite vagal afferent neurons to activate an
ascending pathway leading to inhibition of food intake. Conversely others, e.g. ghrelin, that are
released in the inter-digestive period, inhibit vagal afferent neurons leading to increased food
intake. Nutrient status determines the neurochemical phenotype of vagal afferent neurons by
regulating a switch between states that promote orexigenic or anorexigenic signalling through
mechanisms mediated, at least partly, by CCK. Gut–brain signalling is also influenced by leptin,
by gut inflammation and by shifts in the gut microbiota including those that occur in obesity.
Moreover, there is emerging evidence that diet-induced obesity locks the phenotype of vagal
afferent neurons in a state similar to that normally occurring during fasting. Vagal afferent
neurons are therefore early integrators of peripheral signals underling homeostatic mechanisms
controlling nutrient intake. They may also provide new targets in developing treatments for
obesity and feeding disorders.
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Introduction

I greatly appreciate the honour of being invited to give
this lecture which was established by The Physiological
Society as a memorial to Bayliss and Starling. I approach
the task with considerable hesitation and humility. For
one thing, there is the challenge of doing justice to two
such formidable scientists but I’m mindful too of the high
standing and enormous contributions of my predecessors
in the role. The early lecturers in the series had all known
Bayliss and Starling and were able to give very personal
accounts of their work. Rod Gregory was the first not
to have known them personally (Gregory, 1974). As it
happens, it was Gregory who gave me my first job; I knew
him for the last 20 years of his life and learnt a huge
amount from him. He had been trained by the first lecturer
in the series, Charles Lovatt Evans, who as a young man
had worked with Bayliss and Starling and so there is a
sort of personal link from them that runs through several
generations to the present lecture.

From about 1898, the collaboration between Bayliss
and Starling was focused mainly in the area of digestive
physiology: together they published about 10 papers
covering gut motility and enzyme activity but by far their
most spectacular and enduring work was, of course, the
discovery of hormonal reflex mechanisms. About 65 years
later I was drawn to the field and still remember the impact
their papers had on me as a young graduate student. Their
key experiment was done in the afternoon of 16th January
1902. The events have been described in detail by Starling’s
friend Charles Martin who was present and while these
are well known it is worth just reiterating the thought
process. Bayliss and Starling knew that putting acid in the
duodenum stimulates the flow of pancreatic juice and that
this still occurs after section of the nerves to the intestine:
they reasoned that the link must be via the circulation
and they then showed that the active factor, which they
named secretin, could be extracted from intestine (Bayliss
& Starling, 1902a). The significance of the observation
was immediately obvious to them and in a preliminary
communication just one week later they pointed out that
this was the first direct experimental proof of what, at the
time, they called ‘chemical sympathy’ between different
organs (Starling later introduced the word ‘hormone’) and
with penetrating insight they speculated that this was just
one of a general class of similar mechanisms (Bayliss &
Starling, 1902b). It was to be nearly 80 years before it
became clear that gut hormones might also signal to the
CNS by acting on afferent neurons.

Gut hormones: a potted history

In the early 20th century, concepts of what I’ve called
the dialogue between gut and brain were dominated
by the work of Pavlov who had characterised nervous

reflex mechanisms controlling gastrointestinal function.
Understanding of the pathways by which the gut speaks
to the brain were reasonably well developed and had
been perceptively reviewed by Hurst in his Goulstonian
Lectures where he drew attention to the role of vagal
afferents in physiological control mechanisms and of
spinal afferents in mediating painful sensations from
the gut (Hertz, 1911). Nevertheless, this system was
considered largely independent of the gut hormones. Over
the 70 years or so following the discovery of secretin, many
other gut hormones were reported. The main highlights
are the discovery of gastrin in 1905 (Edkins, 1905),
cholecystokinin (CCK) in 1928 and pancreozymin (PZ)
in 1943 (Ivy & Oldberg, 1928; Harper & Raper, 1943).
In the next generation, Gregory, Tracy and Kenner iso-
lated, sequenced and synthesised gastrin (Gregory, 1968).
At about the same time, Jorpes and Mutt isolated and
sequenced secretin and CCK, and showed CCK and PZ
were a single hormone (Jorpes & Mutt, 1966). Then,
after Jorpes’ death, Viktor Mutt discovered many other
regulatory peptides in the intestine including vasoactive
intestinal polypeptide (VIP), neuropeptide Y (NPY), and
peptide YY (PYY) (Mutt, 1982). By about the time that
Rod Gregory gave his Bayliss and Starling Lecture in
1973 the standard model was that gut hormones were
produced in specialised cells (now called enteroendocrine
cells, EECs) scattered in the epithelium and responding to
luminal nutrient; it was thought likely that some of the EEC
products might also have local or paracrine effects, while
the targets of hormonal action were recognised to include
epithelial cells and smooth muscle. In the context of the
gut–brain dialogue, however, it is striking that, with just
the occasional exception, neurons had not been considered
as targets for the gut hormones. In other words while
both hormonal and nervous reflexes controlling gastro-
intestinal function were well known these were considered
to be largely distinct mechanisms albeit converging,
and potentially interacting, at the level of target
organs.

Hormones and the gut–brain axis

Two developments changed things. First, Gibbs and Smith
showed that CCK inhibited food intake in rats. They
used doses that were within the range for stimulation
of pancreatic secretion, and their design allowed them
to exclude possible effects secondary to gastric motility
(Gibbs et al. 1973): self-evidently, CCK could influence
the brain to change behaviour. Second, it became clear
that gut hormones, of which CCK was an early and good
example, were also expressed in the brain frequently in
concentrations higher than those in the intestine (Dockray,
1976; Rehfeld, 1978); the chemical identity of the neuro-
nal CCK was shown to correspond to the minimal
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fragment of the intestinal hormone required for biological
activity (Dockray et al. 1978). Shortly afterwards, came
the demonstration that CCK receptors were also widely
expressed by neurons raising, amongst other things, the
prospect of cross-talk between gut hormones and CNS
neurons (Innis & Snyder, 1980).

In principle, the inhibition of food intake by circulating
CCK could be mediated by direct effects on CNS neurons
after crossing or by-passing the blood–brain barrier, or it
could be mediated by afferent neurons and in this context
vagal afferents would be good candidates. Smith et al.
showed by careful lesion experiments that the effect of
CCK was likely mediated by an action on abdominal
vagal afferent fibres (Smith et al. 1981). Many different
lines of evidence have since supported this concept.
Thus CCK1 receptors are expressed in nodose ganglia
neurons and transported towards the gut (Moran et al.
1987; Moriarty et al. 1997; Fig. 1A), vagal afferent fibre
discharge is increased by CCK (Davison, 1986; Schwartz
et al. 1991) and similarly neurons in the nucleus tractus
solitarii (NTS) that receive an input from vagal afferents
are stimulated by CCK given by close arterial injection
to the upper gastrointestinal tract (Raybould et al. 1988);
the expression of fos in NTS neurons is also increased by
peripheral CCK administration (Fraser & Davison, 1992;
Luckman, 1992); finally the effects of lesioning afferent
neurons with capsaicin support the conclusion that CCK
acts via these neurons to change behaviour and auto-
nomic outflow (Raybould & Tache, 1988; Forster et al.
1990).

The main consequences of vagal afferent stimulation
by CCK (inhibition of food intake and gastric emptying)
serve to restrict nutrient delivery to the intestine. CCK
regulates, therefore, a balance between the delivery of
pancreatic enzymes and bile salt to the intestine (which
determine the capacity for fat and protein digestion)
and the presence of substrate to be digested (Dockray,
1988; Fig. 1B). While CCK is one of the best-studied
examples of the intestinal hormones that act on vagal
afferent neurons to inhibit food intake, there are also
others notably GLP-1 and the PYY product, PYY3–36,
both originating from L-cells in the ileum and colon
(Abbott et al. 2005; Burdyga et al. 2008; Bucinskaite
et al. 2009; Fig. 1A). However, peptide hormones are
not the only neurohumoral messengers involved in
gut–brain signalling: lipid amides like oleoylethanolamide
produced by enterocytes from dietary oleate also inhibit
food intake through mechanisms depending on intact
vagal afferent pathways with potential roles, in this
case, for several different receptors including peroxisome
proliferator–activator receptor (PPAR)-α, GPR119 and
the vanilloid receptor (TRPV)-1 (Rodriguez et al. 2001;
Wang et al. 2005; Overton et al. 2006; Schwartz et al. 2008;
Fig. 1A).

Vagal afferent neurons: also targets for orexigenic
hormones

Over the last decade or so it has become clear that in
addition to gut signals that limit nutrient delivery, there
are also signalling molecules released in the absence of
food that tend to increase food intake and accelerate
gastric emptying – examples include ghrelin (Kojima et al.
1999; Date et al. 2002; Burdyga et al. 2006b), orexin-A
(Kirchgessner & Liu, 1999; Burdyga et al. 2003) and end-
ocannabinoids such as anandamide (Gomez et al. 2002;
Burdyga et al. 2004). In each of these cases, vagal afferent
neurons express the appropriate receptors and there is
extensive overlap in the pattern of expression of these
receptors and those of factors that inhibit nutrient delivery
(CCK, leptin, PYY3–36 and GLP-1; Fig. 2A and B). This
clearly provides a basis for functional interactions and, for
example, both orexin-A (Burdyga et al. 2003; Fig. 2C) and
ghrelin inhibit vagal afferent activation in response CCK
(Date et al. 2002). The interactions between orexigenic and
satiety signals are likely to be particularly important in the
early phase of digestion when the former are decreasing
and the latter rising, as well as at the start of the inter-
digestive phase when this situation is reversed.

Gut–brain signalling in humans

The worldwide increase in obesity has inevitably focused
attention on these control systems in humans. It has
been clear for over a decade that the different forms
of bariatric surgery produce long term weight loss in
obese patients (Buchwald et al. 2004); there may also be
rapid improvement in glycaemic control (Schauer et al.
2012). These clinical observations give rise to the idea that
disruption of gut–brain signalling can be therapeutically
beneficial and consequently that the development of
non-invasive approaches that mimic the effect of bariatric
surgery would be advantageous. However, developing
novel therapeutic approaches clearly depends on an under-
standing of the mechanisms of gut–brain signalling in
humans and this presents challenges.

Functional magnetic resonance imaging (fMRI) has
been used by several groups to define regions of the
human brain activated by exogenous gut hormones
administered intravenously, notably ghrelin (Malik et al.
2008) and PYY3–36 (Batterham et al. 2007), as well as
leptin (Farooqi et al. 2007). Moreover, this approach
identifies human CNS responses to ingested glucose
with some evidence that the effects are mediated by
insulin (Liu et al. 2000). Together with David Thompson,
Shane McKie and John McLaughlin in Manchester, we
have applied fMRI to studies of gut–brain signalling
mediated by endogenous CCK in normal humans. In
developing robust test meals for these studies we made
use of an earlier observation that ingested dodecanoic acid
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(C12) provides a chemically defined, readily administered
stimulus to CCK release producing (in the appropriate
dose) plasma concentrations in the physiological range
and that are associated with inhibition of gastric emptying
and stimulation of gall-bladder contraction (McLaughlin
et al. 1999). In fMRI studies, ingested C12 produced
a robust increase in the blood oxygen level-dependent
(BOLD) signal in the brain stem and hypothalamus

of normal subjects and a CCK1 receptor antagonist
completely inhibited these response (Lassman et al. 2010).
Interestingly, ghrelin depressed the BOLD signal in brain
stem and hypothalamus in response to C12, consistent
with suppression of a satiety signalling pathway (Jones
et al. 2012; Fig. 3).

Recent work suggests this sort of imaging approach
may also help elucidate interactions between homeostatic
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Figure 1. Overview of nutrient sensing mechanisms in the gut and signalling to the CNS
A, sensing of gut luminal chemicals is a property of enteroendocrine cells (red); examples of luminal sensing
G-protein coupled receptors (GPCRs) on the apical membrane include those for bitter compounds (T2R), amino
acids (extracellular calcium-sensing receptor, CaSR; T1R1 + T1R3), long chain fatty acids (LCFA: GPR40, GPR120),
short chain fatty acids (SCFA: GPR41, GPR43) and sweet compounds (T1R2 + T1R3). Increased intracellular calcium
controls exocytosis at the basolateral membrane of hormone-containing secretory vesicles. Examples of intestinal
hormones that act on vagal afferent neurons include cholecystokinin (CCK) from I-cells predominantly found in the
proximal small intestine, and acting at vagal CCK1 receptors, and GLP-1 and PYY3–36 from L-cells predominantly
in the ileum and colon and acting at GLP-1 and Y2 receptors respectively (PYY3–36 is generated extracellularly from
the primary secretory product PYY). Dietary oleate is converted by enterocytes to N-acylphosphatidylethanolamine
(NAPE) which in turn gives rise to oleoylethanolamide (OEA) which may act on PPARα, GPR119 or TRPV1. The inset
shows nodose ganglion cells labelled retrogradely from the stomach (blue) and expressing CCK1 receptors (green).
B, CCK is a master-regulator of the luminal environment in the upper small intestine. It is released by fat and
protein in the intestine and matches delivery of nutrient to the capacity for nutrient digestion: this is achieved by
inhibition of nutrient delivery by slowing gastric emptying and inhibiting food intake (via vagal afferent stimulation)
and by stimulating gall bladder contraction and pancreatic acinar cell secretion (both of which can be direct effects)
thereby delivering deliver bile salt and digestive enzymes to the intestine.
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and hedonic mechanisms controlling food intake. Van
Oudenhove et al. recently reported that the C12 protocol
I’ve just described attenuated BOLD signals in response
to sadness induced by auditory and visual cues, and
including those in areas such as the brain stem and hypo-
thalamus (Van Oudenhove et al. 2011). About the same
time, stress in the form of social defeat in mice was shown
to release plasma ghrelin and promote a preference for
dietary fat (Chuang et al. 2011). Together these studies start
to provide a mechanistic framework for understanding
the way that homeostatic and hedonic systems controlling
food intake might interact, as well as providing a basis
for understanding the mechanisms of so called ‘comfort
feeding’ (Cizza & Rother, 2011).

Neurochemical plasticity of vagal afferent neurons

Vagal afferent neurons are more than simple reporters
of changes at their periphery. For one thing their neuro-
chemical phenotype reflects nutrient status. In the rat,

fasting for just a few hours depresses expression of some
receptors, e.g. the Y2 receptor which responds to the
intestinal satiety peptide PYY3–36 (Burdyga et al. 2008),
while there is increased expression of others, e.g. the
cannabinoid CB1 receptor (Burdyga et al. 2004) which is
associated with increased food intake (Gomez et al. 2002;
Fig. 4). This switch in neurochemical phenotype can occur
when as little as 10% of daily food intake is withdrawn,
for example by fasting during the light phase (Burdyga
et al. 2010). Refeeding fasted animals rapidly reverses the
phenotype by increasing Y2 expression and inhibiting CB1
expression. The switch in neurochemical phenotype is
mediated by CCK since, importantly, the effect of refeeding
is blocked by a CCK1 receptor antagonist and is mimicked
by exogenous CCK.

What we call the ‘CCK switch’ extends not only to
some receptors, but also to two neuropeptide transmitters
synthesized by vagal afferent neurons (Fig. 5). One of
these, CART (cocaine and amphetamine regulated trans-
cript) was shown some time ago to be co-expressed in
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Figure 2. Vagal afferent neurons
express receptors for both orexigenic
and satiety factors
A, vagal afferent neurons express receptors
for factors that stimulate food intake
and/or gastric emptying including the
GHS1, CB1, Ox-R1, MCH1 receptors, and
for factors that inhibit food intake and/or
gastric emptying including CCK1, Ob-R,
GLP-1, Y2, MC4, GPR119. The same
neurons also express two neuropeptide
transmitters: MCH which stimulates food
intake, and CART which inhibits it. B, the
same neurons can express receptors for
multiple orexigenic and satiety factors:
examples are shown for GHS1 and CCK1
receptor expression and for Y2 and CCK1
receptor expression. C, orexigenic factors,
in this case orexin-A, inhibit the stimulation
of vagal afferent discharge by satiety
factors, in this case CCK (Burdyga et al.
2003).

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society



2932 G. J. Dockray J Physiol 592.14

vagal afferent neurons with CCK1 receptors (Broberger
et al. 1999), and is associated with inhibition of food
intake; the other, MCH (melanin concentrating hormone)
is expressed in the same neurons and is associated
with stimulation of food intake (Burdyga et al. 2006a).
There is decreased CART expression and increased MCH
expression in nodose neurons in fasted rats, and this
is reversed by treatment with CCK or refeeding. The
CCK-switch can also be observed in cultured neurons.
Thus, when rat nodose ganglion neurons are cultured in
serum-free conditions, which equates to the fasted state,
there is expression of MCH but not CART, while addition
of CCK leads to rapid (60–90 min) stimulation of CART

and decreased MCH expression (de Lartigue et al. 2007);
the actions of CCK are inhibited by ghrelin.

Co-operative interactions between CCK and leptin on
vagal afferent neurons

In cultured neurons the stimulation of CART or
Y2-receptor expression occurs in response to relatively
high concentrations of CCK (10 nM) – approximately 1000
times those in plasma after a meal. However, the response
to CCK is strongly potentiated by leptin (Fig. 6A). It has
been known for many years that leptin stimulates the
discharge of vagal afferent neurons (Wang et al. 1997),
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Figure 3. fMRI reveals increased hypothalamic and brain stem blood flow in response to ingestion of
fatty acid, and inhibition by ghrelin
Blood oxygen-level dependent (BOLD) signals detected by functional magnetic resonance imaging in the hypo-
thalamus and brain stem of healthy individuals are inhibited by ghrelin. A, after intragastric C12 to stimulate CCK
release, there is increased hypothalamic and brain stem BOLD signals that are depressed by infusion of ghrelin in
a dose (1.25 pmol kg−1 min−1) that increased plasma concentrations in the physiological range. B, after a mixed
meal in healthy subjects, a bolus injection of ghrelin (0.3 nmol kg−1) decreased BOLD signal in hypothalamus
and brain stem. C, brain images showing areas exhibiting increased BOLD signal (red) and decreased (blue) after
administration of I.V. ghrelin compared with saline 2 h after a meal at P < 0.005 for display purposes (Jones et al.
2012).
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Figure 4. Nutrient-dependent expression of CB1 and Y2 receptors by vagal afferent neurons
A, immunohistochemical localisation of CB1 receptors (red) and Y2 receptors (green) in nodose ganglia from rats
fed ad libitum (0 h) or fasted for 6, 12 or 24 h. B, quantification of neurons expressing CB1 and Y2R in nodose
ganglia of fasted rats. C, CCK8s (10 nmol kg−1 I.P.) stimulates expression of Y2R in nodose ganglia of rats fasted
for 24 h (Burdyga et al. 2008).
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potentiates stimulation by CCK (Gaige et al. 2002; Peters
et al. 2004) and acts locally in the gut to potentiate the
satiety effect of CCK (Peters et al. 2006). In the present
context, it is significant that in the presence of leptin the
dose–response curve for CCK stimulation of CART or Y2
expression is moved to the left and concentrations of CCK
approaching those in the physiological range (10 pM) are
biologically effective (de Lartigue et al. 2010; Fig. 6A). In
addition to these interactions between leptin and CCK
there are also longer term interactions that enhance the
satiety effect of CCK (de Lartigue et al. 2010). The neuro-
chemical phenotype of vagal afferent neurons is therefore
dependent on integration of signals representing both
adipocyte status and recent nutrient ingestion.

The stimulation of CART expression by CCK involves
activation of both the immediate early gene EGR1 (early
growth response-1) and phosphorylation of CREB (cAMP
response element binding protein). In the case of EGR1,
studies with promoter–luciferase reporter constructs
transfected in rat nodose ganglion cells indicate that
deletion of the cis-acting element reduces responses to
CCK by approximately 60%; over-expression of EGR1
has a modest stimulatory effect on its own, but with
CCK stimulation CART expression is increased more
than 30-fold and this is attributable to stimulation of
nuclear translocation of EGR1 via PKC and p42/44
MAPkinase (de Lartigue et al. 2010). Interestingly, CCK
seems not to stimulate EGR1 expression, but there is strong
induction of EGR1 gene expression by leptin and this is

mediated by STAT3. Moreover, leptin strongly potentiates
the action of CCK in stimulating EGR1 nuclear trans-
location (Fig. 6C). The co-operative effects of CCK and
leptin to control CART expression in nodose ganglion
neurons are therefore based on the ability of leptin to
determine the capacity of the system for CART synthesis by
regulating availability of a key transcription factor, while
on its own having little effect on CART expression. CCK
is a primary regulator of CART expression but its effects
depend on leptin to set the gain in the system (Fig. 6D).
Ghrelin inhibits the effect of both leptin and CCK by
restricting translocation to the nucleus of EGR1 and of
STAT3 (Fig. 6D; de Lartigue et al. 2010).

Obesity locks the vagal afferent phenotype in the
‘fasting mode’

Recently, several different groups have drawn attention
to the fact that in diet-induced obesity vagal afferent
neurons exhibit decreased sensitivity to stimulation. Thus
Daly et al. showed reduced sensitivity to CCK, 5HT and
distension in diet-induced obesity in mice (Daly et al.
2011); in a rat model of diet-induced obesity, de Lartigue
et al. showed insensitivity to leptin that was associated
with a shift in expression of Y2 and CB1 receptors towards
that normally seen in fasted animals (de Lartigue et al.
2011a, 2012); moreover, Page’s group showed increased
sensitivity to ghrelin as well as loss of leptin sensitivity,
and a pattern of discharge of vagal afferent tension
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Figure 5. Nutrient-dependent neurochemical switching in vagal afferent neurons
A, release of CCK in the post-prandial state stimulates expression in vagal afferent neurons of Y2R and the satiety
peptide CART, while expression of CB1 and the orexigenic peptide MCH is suppressed. Leptin potentiates the
action of CCK. These effects promote satiety signalling and inhibition of gastric emptying. B, in the fasted state
(starting in rats approximately 6 h after a meal), plasma CCK is depressed while there is increased ghrelin secretion
and endocannabinoid synthesis. The latter are associated with increased CB1 and MCH expression and depressed
Y2R and CART expression, leading to enhanced appetite and stimulation of gastric emptying.
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receptors in diet-induced obesity in mice similar to that
in control fasted animals (Kentish et al. 2012, 2013).
Collectively these observations indicate that the normal
switching of vagal afferent phenotype in the feeding cycle
is lost in obesity and that vagal afferent neurons are
locked in a phenotype characteristic of that in fasted
animals.

Microbiota, metabolism and gut–brain signalling

To understand what might be happening we have to
consider the microbiota. It is a slightly disconcerting fact
that 90% of the cells in our bodies are not human – they
are bacterial. There are trillions of them in the gut and
probably in excess of 2000 species. A stream of recent
papers indicates the microbiome participates in two-way
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Figure 6. Co-operative interactions between leptin and CCK to regulate CART expression in vagal
afferent neurons
A, in cultured rat nodose ganglion neurons transfected with a CART promoter–luciferase reporter construct there
is modest stimulation of CART expression by high concentrations of CCK, and there is strong potentiation by
leptin. B, the immediate early gene EGR1, exhibits cytosolic localisation in unstimulated rat nodose ganglion
neurons, but after CCK there is rapid nuclear translocation. C, stimulation of EGR1 nuclear translocation is
strongly potentiated by leptin; leptin alone does not stimulate translocation. D, however, leptin stimulates EGR1
expression via STAT3. CCK does not stimulate EGR1 expression but acts via PKC and p42/44 MAP kinase to
stimulate nuclear translocation which, together with activation of CREB, stimulates CART expression. Ghrelin
inhibits nuclear translocation of STAT3, EGR1 and CREB thereby suppressing the effects of both leptin and CCK
(de Lartigue et al. 2010).
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gut–brain signalling with relevance to brain development,
stress responses, pain and behaviour (Sudo et al. 2004;
Rousseaux et al. 2007; Rhee et al. 2009; Bravo et al.
2011; Diaz Heijtz et al. 2011). Moreover, many studies
have identified potential links between the gut microbiota,
immunity and energy metabolism; microbiota-related
dysfunction is also linked to a range of disorders, including
inflammatory bowel disease, irritable bowel syndrome,
the metabolic syndrome, neurodevelopmental disorders,
autoimmune diseases and allergic diseases (Shanahan,
2012; Tremaroli & Backhed, 2012).

The absence of a gut microbiota is associated with
resistance to adiposity in mice (Backhed et al. 2004);
moreover, both in human obesity and in animal models
of obesity there are shifts in the composition of the micro-
biota, notably decreases in Bacteriodetes and increases in
Firmicutes species (Ley et al. 2005, 2006; Kau et al. 2011).
This shift is associated with increased energy harvesting in
the form of extraction of short chain fatty acids from fibre
and there may also be links to EEC signalling, since short
chain fatty acids can act at the G-protein coupled receptor,
GPR-41, which is expressed by L-cells (Turnbaugh et al.
2006; Samuel et al. 2008).

Microbiota and vagal afferent signalling

The relationships between gut hormones and vagal
afferent neurons are known to be influenced by infection
and inflammation in several different ways including
increased CCK release in intestinal infection, for example
by Giardia (Leslie et al. 2003) and by Trichinella spiralis
(McDermott et al. 2006), as well potentiation of CCK
stimulation of vagal afferent neurons by proinflammatory
cytokines such as IL-1β (Bucinskaite et al. 1997; Gaige
et al. 2004). In addition, recent work has identified other
mechanisms that link changes in the microbiota in obesity
to alterations in vagal afferent sensitivity to CCK.

Obesity-related changes in the microbiome produce
a mild inflammatory state that is associated with
increased intestinal permeability to the bacterial product,
lipopolysaccharide (LPS). The latter acts via toll-like
receptor (TLR)4 expressed by vagal afferent neurons
to stimulate expression of the suppressor of cytokine
signalling (SOCS)-3 which leads to leptin resistance
(de Lartigue et al. 2011a; Raybould, 2012). Loss of
sensitivity to leptin in turn reduces sensitivity to CCK.
Although insensitivity to leptin is a well-known feature
of obesity, it is important to note that in an animal
model of diet-induced obesity the leptin resistance of
vagal afferent neurons occurred well before that in hypo-
thalamic neurons, suggesting that it may be of particular
importance in the development of obesity (de Lartigue
et al. 2011a,b).

A second example involves plasminogen activator
inhibitor (PAI)-1 which is widely expressed, associated

with inhibition of thrombolysis, and which increases
in plasma in obesity (Landin et al. 1990; Shimomura
et al. 1996). In the gut, expression of PAI-1 increases
dramatically with infection, for example Helicobacter
infection in the stomach (Keates et al. 2008; Kenny et al.
2008), as well as in radiation damage (Abderrahmani
et al. 2012) and experimental colitis (Hyland et al.
2009). Wild-type mice infected with Helicobacter felis are
insensitive to the satiety action of CCK whereas infected
PAI-1 null mice retain CCK sensitivity (Kenny et al.
2013a). The implication is that induction of PAI-1 inhibits
the effect of CCK, and more generally that with gastric
infection there is an adjustment of the normal satiety
signals that maintain food intake (Fig. 7A).

To gain insight into these mechanisms we generated
mice moderately over-expressing a PAI-1 transgene in
the stomach using a promoter sequence of the β-subunit
of H+–K+-ATPase which directs expression to gastric
parietal cells (Lorenz & Gordon, 1993). These animals have
moderately increased gastric PAI-1 mRNA abundance but
crucially they exhibit obesity and life-long hyperphagia
(Fig. 7B and C), and are also insensitive to the actions
of CCK in inhibiting food intake and gastric emptying
(Gamble et al. 2013; Kenny et al. 2013a; Fig. 7D and E).
These observations support the idea that PAI-1 attenuates
vagal responses to CCK and direct evidence of this is
provided by studies of vagal afferent neurons in vitro.
Thus, PAI-1 inhibits the effect of CCK on EGR1 nuclear
translocation and induction of Y2R in nodose neurons
in culture (Kenny et al. 2013a). It seems then, that PAI-1
is a new sort of modulator of gut–brain signalling. It is
induced in response to infection and inflammation and
as well as having protective effects involving inhibition
of thrombolysis (Kenny et al. 2013b) it acts to pre-
serve nutrient intake, probably by countering the action
of proinflammatory cytokines that enhance the normal
satiety effects of CCK.

Overview

To conclude, the idea of chemical sympathy between
organs originally proposed by Bayliss and Starling is
fundamental to understanding how the gut speaks
to the brain, both in feeding and fasting, and in
health and disease. The gut hormones exert both acute
effects on afferent neurons but also longer term effects
that determine neuronal phenotype in a way that
reflects nutrient status. They provide the capacity for
integration of nutrient signals external to the CNS
and, importantly, this mechanism appears to be sub-
verted in obesity, infection and inflammation. Under-
standing of the interactions involved in this system should
pave the way for the development of novel therapies
for the treatment of feeding disorders and metabolic
disease.
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Figure 7. Gastric PAI-1 acts to restrain the satiety effects of CCK
A, in control wild-type mice (C57BL/6) CCK inhibits food intake, but this effect is attenuated in mice infected with
Helicobacter felis, which increases gastric PAI-1. In mice null for PAI-1, the inhibitory effect of CCK on food intake
is preserved in Helicobacter infection. B, mice transgenic for the coding sequence of PAI-1 under the control of a
proximal portion of the promoter of the β-subunit of the H+–K+-ATPase (PAI-1-H/Kβ mice) exhibit increased PAI-1
expression in gastric parietal cells and moderate obesity. C, they are also hyperphagic compared with wild-type
mice. D, the dose–response curve for inhibition of food intake by CCK is moved to the right in PAI-1-H/Kβ mice.
E, the latter are also insensitive to the action of CCK in inhibiting gastric emptying (Gamble et al. 2013; Kenny
et al. 2013a).
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