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Nutrient-induced changes in the phenotype and function
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Abstract The enteric nervous system (ENS) integrates numerous sensory signals in order to
control and maintain normal gut functions. Nutrients are one of the prominent factors which
determine the chemical milieu in the lumen and, after absorption, also within the gut wall. This
review summarizes current knowledge on the impact of key nutrients on ENS functions and
phenotype, covering their acute and long-term effects. Enteric neurones contain the molecular
machinery to respond specifically to nutrients. These transporters and receptors are not expressed
exclusively in the ENS but are also present in other cells such as enteroendocrine cells (EECs)
and extrinsic sensory nerves, signalling satiety or hunger. Glucose, amino acids and fatty acids
all activate enteric neurones, as suggested by enhanced c-Fos expression or spike discharge.
These excitatory effects are the result of a direct neuronal activation but also involve the
activation of EECs which, upon activation by luminal nutrients, release mediators such as ghrelin,
cholecystokinin or serotonin. The presence or absence of nutrients in the intestinal lumen induces
long-term changes in neurotransmitter expression, excitability, neuronal survival and ultimately
impact upon gut motility, secretion or intestinal permeability. Together with EECs and vagal
nerves, the ENS must be recognized as an important player initiating concerted responses to
nutrients. It remains to be studied how, for instance, nutrient-induced changes in the ENS may
influence additional gut functions such as intestinal barrier repair, intestinal epithelial stem cell
proliferation/differentiation and also the signalling of extrinsic nerves to brain regions which
control food intake.
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Introduction

The enteric nervous system (ENS) autonomously regulates
gastrointestinal functions, such as motility, mucosal
secretion and absorption, blood flow, the epithelial barrier
and epithelial proliferation and differentiation (Furness,
2012). The ENS undergoes profound phenotypic and
functional changes during life, ultimately impacting upon
gastrointestinal functions. Although some of these changes
are genetically programmed, changes in the milieu of the
gut wall and lumen directly influence the neurochemistry
and neurobiology of the ENS. Among those factors are
dietary nutrients. It is therefore likely that the ENS must
be able to sense nutrients and that nutrients impact
on ENS behaviour and ultimately on ENS-controlled
gut functions. In principle, both of the ENS plexi —
the myenteric plexus located between the muscle layers
and the submucosal plexus located close to the mucosal
layer — may be able to integrate nutrient signalling. The
submucosal plexus may be strategically better suited to
respond directly to nutrients, as the ganglia are closer to the
site of absorption and to the dense network of blood vessels
in the submucosal layer. This is suggested by the finding
that mucosal functions, in particular secretory reflexes,
are mainly controlled by the submucosal rather than the
myenteric plexus (Raybould et al. 2004). In particular, the
presence of food in the gut lumen affects ENS-mediated
secretory capacity. For instance, in the jejunum, short
circuit currents induced by electrical stimulation of sub-
mucosal neurones were greater in hibernating ground
squirrels as compared to those exposed to feed (Carey
& Cooke, 1992). The feeding state also influences muscle
reflexes. Peristaltic reflex activity was increased in ileal
segments of animals that were refed after an overnight
fasting period (Roosen et al. 2012). This effect was
probably driven by the ENS, as myenteric neurones of
refed animals were hyperresponsive to high K* solutions
and Cholecystokinin-8 (CCK-8), but less responsive to
ghrelin (Roosen et al. 2012). We also showed recently that
ENS sensitization can occur after a prolonged nutritional
challenge with a high-fat diet (Baudry et al. 2012; Reichardt
et al. 2013). Gastric myenteric neurones showed increased
responses to electrical stimulation and colonic myenteric
neurones exhibited a stronger response to acetylcholine
and serotonin. This increased excitability in the colon
depended on the feeding status, as it only occurred in
obese mice fed for 12, but not for 4, weeks (Reichardt et al.
2013). Interestingly, the degree of neuronal sensitization,
upregulation of adipocyte markers and tissue levels of
serotonin and acetylcholine were positively correlated with
body weight (Reichardt et al. 2013).

It is therefore increasingly recognized that the ENS
is able to sense nutrients and that nutrients impact
on ENS behaviour and ultimately on ENS-controlled
gut functions. This review focuses on two aspects: the
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short-term effects of key nutrients after acute application
to enteric neurones, and the ability of nutrients or diet
to induce long-term changes in the ENS (Fig. 1). A
focused review cannot do justice to the wealth of studies
investigating chemosensitivity in the gut. The reader is
referred to some excellent recent reviews which cover
aspects beyond the ones discussed in our review (Bertrand,
2009; Raybould, 2010; Page et al. 2012; Furness et al. 2013).

Neurally mediated effects of nutrients on
gastrointestinal functions

It has been known since the 1960s that nutrients activate
vagal afferents. Receptors, ligands and mediators involved
in carbohydrate, amino acid and fatty acid effects on
extrinsic sensory nerves, and their possible roles in obesity,
have been comprehensively reviewed recently (Page et al.
2012). Besides chemosensitive extrinsic afferents, the
ENS is also a peripheral neural target for nutrients
or mediators released upon the presence of nutrients
in the lumen. Nutrient sensing by extrinsic afferents
primarily serves to monitor the metabolic state and to
relay hunger and satiety signals (Page et al. 2012). The
functional impact of changes in ENS phenotype and
activity induced by nutrients is not as clear, but probably
serves to adjust motility, secretion and blood flow to
the presence of food in the lumen. Although it is an
intriguing thought, it is not clear if the ENS responses to
nutrients reflect its ability to monitor and regulate nutrient
absorption. There is some circumstantial evidence that
vagal-ENS signalling may be involved in food intake.
It has been shown that the trypsin inhibitor, camostat,
reduced food intake and increased c-Fos expression in
the dorsal vagal complex as well as in the submucosal
plexus (Raboin et al. 2008). These effects were mediated
by cholecystokinin (CCK) acting on CCK; receptors.
The c-Fos expression was, as expected, abolished in the
dorsal motor complex after subdiaphragmatic vagotomy,
but, interestingly, also significantly reduced in submucosal
neurones.

Application of the short-chain fatty acids (SCFAs)
acetate, proprionate or butyrate onto the colonic mucosa
induced peristaltic activity or increased transit time via
activation of ENS pathways (Grider & Piland, 2007;
Soret et al. 2010). Strikingly, luminal perfusion of the
small intestine with the fatty acid decanoic acid triggered
segmental activity, a motility pattern responsible for
slowing transit (Ellis et al. 2013). Both peristaltic and
segmental motility were critically dependent on 5-HT
release from enteroendocrine cells (EECs) and hence
were not a result of direct effects of the fatty acids on
the ENS. The reason for the discrepant results remain
unknown but may be related to the use of SCFA versus
fatty acid, small versus large intestine, or the possibility
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that the SCFA-induced peristaltic reflex is a rather local
phenomenon which does not propagate to cause peri-
stalsis.

Nutrients also regulate mucosal secretion via ENS
pathways, as illustrated by the ability of glucose to increase
the rate of secretion of both sodium and chloride ions (See
& Bass, 1993). SCFAs can also increase chloride secretion
in the colon and small intestine, in part via neurally
mediated enteric pathways (Yajima, 1988; Diener et al.
1996).

Nutrient signalling in the ENS

Role of enteroendocrine cells in mediating nutrient
effects on the ENS. As previously reviewed, EECs are
important intermediary cells to relay information on the
nutritive state to extrinsic sensory neurones (Raybould,
2010; Furness et al. 2013). The same principle seems to
apply to the ENS. Chemical stimulation of the mucosa
by SCFAs evoked action potential discharge in enteric
neurones via mediators released from EECs (Kunze et al.
1995; Bertrand et al. 1997). There is also differential
activation of enteric neurones along the small intestine
and between the submucosal and myenteric plexi, which
also depends on nutrient type. Intra-intestinal perfusion
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of oleate increased c-Fos expression in rat myenteric and
submucosal neurones of the duodenum and jejunum,
but not the ileum. The activation in the duodenum was
the most pronounced (Sayegh et al. 2004). In contrast,
glucose infusion increased c-Fos expression in myenteric
neurones of the jejunum but not the duodenum or
ileum, while c-Fos expression in submucosal neurones
occurred in all three regions (Sayegh et al. 2004). Both
oleate and glucose appeared primarily to activate c-Fos
expression in myenteric nitric oxide-synthesizing neuro-
nes, which function as inhibitory muscle motor neuro-
nes, and in calretinin-expressing submucosal neurones
which, in the rat, may function as sensory neurones
(Sayegh et al. 2004). The finding that nutrients activated
motor neurones in the myenteric plexus, but putative
sensory neurones in the submucous plexus, suggests
that nutrient signalling, whether direct or indirect,
occurred in submucosal rather than myenteric neurones.
Oleate-mediated effects on enteric neurones were indirect,
involving CCK;-dependent pathways. Indeed, the CCK;
antagonist, lorglumide, attenuated oleate-induced c-Fos
expression in myenteric and submucosal neurones. In
contrast, lorglumide failed to attenuate glucose-induced
c-Fos expression in enteric neurones (Gulley et al.
2005).

Brain-gut-axis ¢
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Direct effects of nutrients on ENS
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» Amino acids (glycine, GABA, glutamate)
activate enteric neurones
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» Through signals from vagal nerves
» Mediator release from enteroendocrine
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Figure 1. The cellular and molecular bases for direct and indirect effects of nutrients on enteric neurones

See text for details.
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Direct effects of nutrients on the enteric nervous system.
The pattern of mucosal innervation by the ENS, in
particular the fact that enteric nerve endings terminate
at the basal membrane of the epithelium and never extend
into the lumen, precludes any direct detection of the
luminal content by the ENS. However, direct effects of
nutrients on the ENS become relevant once nutrients have
been absorbed or produced by metabolic activity.

Enteric neurones express similar transporters and
receptors which are involved in nutrient sensing by EECs
(Furness et al. 2013), thereby allowing them to directly
sense and respond to nutrients. For instance, enteric
neurones express the Na*—p-glucose transporter SGLT1
(Balen et al. 2008), monocarboxylate transporters (MCT),
in particular MCT-2 (Soret et al. 2010), the SCFA receptor
GPR41 (Nohr et al. 2013), the dipeptide transporter Pept2
(Ruhl ef al. 2005), or amino acid receptors activated by
glutamate, glycine or GABA (Neunlist et al. 2001; Galligan,
2002).

The expression of these transporters/receptors sets the
basis for the modulation of the activity of enteric neurones
by specific nutrients. About 60% of guinea pig myenteric
neurones behaved as glucoresponsive neurones, with
hyperpolarization upon removal of extracellular glucose
(Liu et al. 1999). Glucose-induced excitation of myenteric
neurones was mediated by inhibition of Karp channels,
which was similar to the properties and behaviour of
glucoresponsive neurones in the ventromedial hypo-
thalamus and glucose-sensing pancreatic j cells (Liu ef al.
1999).

Direct application of the amino acids GABA, glutamate
or glycine increased excitability in enteric neurones
(Cherubini & North, 1984; Liu et al. 1997; Neunlist et al.
2001). Concerning glutamate, data remain controversial,
as a recent study showed no effect of glutamate or receptor
agonists on enteric neurone excitability (Wang et al. 2014).
While glutamate and GABA, but probably not glycine, are
synthesized by enteric neurones, it is not known to what
degree their actions may reflect a response to dietary amino
acids.

Application of the SCFA butyrate onto guinea pig
myenteric neurones with identified mucosal projections
evoked a biphasic response consisting initially of
an enhanced spike discharge followed by a trans-
ient hyperpolarization (Neunlist et al. 1999). Butyrate
evoked only the hyperpolarization in dissociated,
cultured rat myenteric neurones via activation of
charybdotoxin-sensitive, Ca’*-dependent K* channels
(Hamodeh et al. 2004). It needs to be studied whether
the lack of butyrate-induced excitation is due to down-
regulation of receptors in the culture or to species
differences. Although not yet studied, the excitatory effect
of SCFAs on enteric neurones may, specifically, involve the
G-protein-coupled free fatty acid receptor GPR41/FFAR3,
but not GPR43/FFAR2, as only GPR41/FFAR3 is expressed
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in some myenteric and submucosal neurones in mice
(Nohr et al. 2013).

Some nutrients, in particular amino acids, may
indirectly influence ENS activity, as they affect the
synthesis and release of transmitters. L-Cysteine and
L-arginine, for example, are substrates for enzymes
involved in the synthesis of the enteric neurotransmitters,
nitric oxide and hydrogen sulfide, respectively. The
functional consequences are difficult to predict, as
their effects depend on whether they are released
from interneurones or motor neurones and whether
they act pre- or postsynaptically. Similar effects may
occur with other amino acids, for example D-serine,
which enhanced contractility of the lower oesophageal
sphincter by modulating glutamatergic transmission
(Ghasemi-Kasman et al. 2012).

We would like to highlight two aspects common to the
neural actions of amino acids, glucose and fatty acids.
Firstly, all three activate myenteric and/or submucosal
neurones. Secondly, all nutrients act preferentially on
enteric neurones which possess mechano- and/or chemo-
sensitivity and hence must be considered as neurones
directly encoding sensory stimuli.

Long-term effects of nutrients on the ENS

Besides the ability of nutrients to stimulate the ENS
acutely, long-term exposure to food or individual nutrients
induces major neuroplastic changes in the ENS or alters
the ENS response to nutrients. For instance, the sensitivity
of myenteric and submucosal neurones to intraluminal
infusion of oleate (as assessed by the proportion of
c-Fos immunoreactive neurones) was reduced in rats
maintained on a high-fat diet but not in animals on
a normal diet (Covasa et al. 2000). These differential
responses may be due to an altered response of EECs
and/or neurones to nutrients. Similar tuning of enteric
neurone sensitivity involving CCK, ghrelin or 5-HT
was reported in animals with different feeding statuses
(Roosen et al. 2012). The hunger-related ghrelin evoked
stronger activation of enteric neurones in animals that had
been fasted than those that had been refed, while the effects
of the satiety-related CCK or 5-HT were not different.
Besides modulating neuronal excitability, nutrients also
induce neuroplastic changes, as suggested by the altered
expression of neurotransmitters (Soret et al. 2010). Thus,
chronic administration of a resistant starch-supplemented
diet increased butyrate production in the colon, leading to
neuroplastic changes in myenteric neurones characterized
by an increase in the proportion of cholinergic neuro-
nes with no change in the nitrergic population. Butyrate-
but not acetate- or proprionate-induced neuroplastic
changes were mediated in part via neuronal MCT-2
and involved epigenetic regulatory mechanisms (Soret
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et al. 2010). As a functional consequence, this study
found an increased cholinergic contractility, together
with a slower distal colonic transit time. Daily butyrate
enemas in rat pups between postnatal days 7 and 17
increased the proportion of cholinergic neurones and,
in contrast to adult animals, also the proportion of
nitrergic neurones (Suply et al. 2012), which suggested
age-dependent neuroplastic changes induced by butyrate.
This was associated with an enhanced amplitude of
cholinergic- and nitrergic-mediated muscle responses
and again a slower distal colonic transit time. Besides
SCFAs, other nutrients also induce neuroplastic changes.
In particular, administration of w—3 polyunsaturated fatty
acids (PUFAs) to pregnant pigs and to piglets increased
the proportion of cholinergic neurones, involving PUFA
metabolites such as eicosapentaenoic acid (De Quelen
et al. 2011), and increased the cholinergically mediated
paracellular mucosal permeability.

Besides the above-described neuroplasticity in the ENS,
recent studies suggest that nutrients also affect neuro-
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nal survival and proliferation. During early life, neuro-
trophic factors in the milk favour neuronal survival and
neurite outgrowth (Fichter et al. 2011). However, diet may
also negatively affect the survival of enteric neurones.
Adult mice and rats fed with high-fat diets experienced
loss of ileal and colonic myenteric neurones, which was
associated with delayed intestinal transit (Voss et al. 2013;
Nezami et al. 2014). Others report contrary findings, in
that a high-fat diet had no effect on the survival rate of
colonic or small intestinal myenteric neurones, and even
increased neuronal survival in the gastric myenteric plexus
involving leptin and glial cell-derived neurotrophic factor
(GDNF)-dependent pathways (Baudry et al. 2012). Such
discrepant results may be attributed to the composition
of the diet (Voss et al. 2013), the age of the animal at the
onset of high-fat feeding, how long the animals received
the diet, whether animals developed diabetes or not, and
which gut region was studied. Furthermore, the study
of long-term effects of high-fat diet upon the ENS and
gut dysfunctions, including disturbed motility and altered
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Figure 2. Adipocyte-enteric neurone association in the submucosal layer of the gut wall

Patches of adipocytes (perilipin-positive) are very close to enteric neurones (PGP9.5 positive, A—C) in the human
and guinea pig mucosa, in particular in vascularized regions. Note that the mouse intestine lacks such an
adipocyte—enteric neurone axis because there are no patches of adipocytes in the mouse intestinal wall (D).
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intestinal permeability (Teixeira et al. 2012; Mushref &
Srinivasan, 2013), also identified adipocytes as putative
major actors involved in the effects of nutrients upon
the ENS. Indeed, enteric ganglia, especially in the sub-
mucosal plexus, and patches of adipocytes are closely
spaced, in particular in vascularized regions in human and
guinea pig intestine (Fig. 2). This anatomical association
has functional relevance, as activation of the submucosal
adipocytes by B3-adrenoreceptors causes inhibition of
enteric neurones through the release of somatostatin
(Schemann et al. 2010). The adipokine leptin, however,
activates enteric neurones (Reichardt et al. 2011). It is
therefore reasonable that the adipocyte—enteric neurone
interactions are involved in altered neurophysiology or
neurochemistry of enteric neurones in animal models of
obesity. However, the mouse may not be the ideal animal
model to study such interactions because we could not find
evidence for an adipocyte—enteric neurone association in
the mouse gut (Fig. 2).

Summary and outlook

Acute and chronic exposure to nutrients has
well-established and validated direct and indirect
(via intermediary cells) effects in the ENS (Fig. 1). Enteric
neurones express the molecular machinery to respond
directly to carbohydrates, amino acids and fatty acids, and
share this feature with EECs and extrinsic sensory nerves.
Together with EECs and extrinsic sensory nerves, the
ENS must be recognized as an important player initiating
concerted responses to nutrients. Despite the ability of
the ENS to respond directly to nutrients, much remains
to be learned about its contribution to nutrient-induced
changes in gut functions and the mechanisms involved. In
addition, it is not known whether nutrient effects on the
ENS play any role beyond the local regulation of muscle
and mucosal functions. The anatomical and functional
association between extrinsic sensory nerves signalling
hunger or satiety and the ENS raises the intriguing
possibility that nutrient effects on the ENS may impact
on food intake.
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