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Abstract

The enteric nervous system (ENS), the intrinsic innervation of the gastrointestinal (GI) tract, is a vast, mesh-like network of
neurons and glia embedded within the bowel wall. Through its complex circuitry and neuronal diversity, the ENS is capable of
functioning autonomously but is modulated by inputs from the central nervous system (CNS). The communication between the
ENS and CNS is bidirectional and, together with crosstalk of these systems with microbiota housed within the GI tract, underpins
the so-called microbiota-gut-brain axis. The ENS functions as a master regulator and coordinates many of the essential functions
of the body, including GI motility, sensation and secretion. It is also capable of interacting with other cells, including intestinal
epithelial, neuroendocrine and immune cells, to regulate their development as well as structural and functional integrity.
Disruption of these ENS interactions, especially during early life, is likely to contribute to the actiopathogenesis of disorders of the
GI tract as well as elsewhere in the body, including neurodegenerative diseases. In this article, we highlight recent advances in our
understanding of the roles of the ENS, especially in its complex and reciprocal interactions that influence GI motility, sensation,
intestinal epithelial integrity, immunity and neuroendocrine function, particularly focusing on the influence of the ENS in early

life and early life programming.
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Introduction

The enigmatic enteric nervous system (ENS), the intrinsic inner-
vation of the gastrointestinal (GI) tract, is a vast, mesh-like
network of neurons and glia embedded within the bowel wall.
It is the largest subdivision of the peripheral nervous system,
receiving inputs from both the sympathetic and parasympathetic
nervous systems'. Although the ENS is capable of functioning
autonomously, it communicates with, and can be modulated
by inputs from, the central nervous system (CNS). This
communication between the CNS and ENS is bidirectional
and underpins one of the most fascinating interactions of the
human body, the so-called brain-gut axis*’. A considerable
body of research has additionally shown the vital interaction
of gut microbiota at the ENS interface, instigating the adage
‘brain-gut-microbiome axis’*".

To its end, the ENS not only is primarily responsible for GI
motility, sensation and secretion but also appears capable
of interacting with a host of other cells, including intestinal
epithelial, neuroendocrine and immune cells, to regulate their
development as well as structural and functional integrity'.
This breadth of roles and interactions is perhaps not surpris-
ing. It could be argued that, though generally designated as
the body’s ‘second brain’®, the ENS, in fact, is more deserv-
ing of the title ‘first brain’ given that in the most primordial
forms of life it developed before and independent of the CNS°.
Not only does the ENS contain a massive number of neurons,
nearly equal to that of the spinal cord, but it also has a neuro-
nal diversity to match. Indeed, in simpler life forms, the ENS
coordinates many of the essential and diverse functions of the
body, and increasing evidence shows that it retains this role
in even the most complex organisms, such as humans.

In this article, we highlight recent advances in our understand-
ing of the roles of the ENS, especially in its complex and
reciprocal interactions with a range of cell types and organ
systems that ultimately influence GI motility, sensation, intes-
tinal epithelial integrity, immunity and neuroendocrine func-
tion. Disruption of these interactions, especially during early
life, is likely to contribute to the aetiopathogenesis of disorders
of the GI tract and elsewhere in the body.

ENS development and organisation

ENS development will not be covered here in any detail
except to highlight recent key progress. It is comprehensively
described in excellent reviews'’~.

In brief, the ENS along the entire length of the GI tract is
derived from neural crest-derived progenitors, originating mostly
from the vagal region of the neural tube, and the distal bowel
receives an additional contribution from the sacral neural crest'’.
These precursor cells, through a number of signalling path-
ways and molecules, differentiate into neurons and glia and
migrate along the entire length of the developing intestine'. The
mature ENS comprises the myenteric (Auerbach) and the
submucosal (Meissner) plexuses, which consist of a vast array
of neural cells classified on the basis of their morphology,

chemical coding and electrophysiological properties into
distinct functional classes of neurons, and glia''. The ENS that
emerges from this complex process is exquisite in its function
but rather haphazard in its overt appearance. More recently,
the field has focussed on the key effector cells that regulate
motility as well as how functional circuits are established and
precise motility generated.

ENS neuronal plasticity and turnover

The ENS has a remarkable capacity for growth, plasticity and
repair, which is probably essential for its critical role in allowing
the organism to adapt to changes in the internal or external
environment. This is especially important given that the ENS
repeatedly faces insults from mechanical, chemical and infec-
tious agents. Until recently, there was little evidence of the
occurrence of post-natal neurogenesis despite reports of the
isolation and harvesting of multipotent ENS progenitors from
the post-natal GI tract, even well into adult life'>"". A number
of studies suggested that enteric neurogenesis is absent beyond
early post-natal life or, where it could be seen, emanates from
enteric glia in a limited capacity in response to significant
insults such as chemical injury'*'. Kulkarni et al.'’, however,
showed that the adult myenteric ganglia were capable of
maintaining neuronal numbers despite evidence of ongoing
neuronal loss, suggestive of a concurrent process of neuronal
replenishment. The authors further established that the
progenitors effecting neurogenesis were not glial given that they
expressed the neuro-epithelial stem cell marker Nestin rather
than Sox10. Furthermore, disruption of cell cycle regulation in
Nestin* cells resulted in enteric neuronal hyperplasia. Overall,
these novel and rather incredible findings of massive neuro-
nal turnover in the adult gut need to be further and robustly
explored and verified. If these findings are confirmed, clar-
ity over potential triggers for this neurogenesis will need to be
elucidated'®. The potential of significant enteric neuronal turno-
ver perhaps most pronounced in early (including post-natal)
life raises the possibility that a number of GI motility disorders
arise from disruption of this process via a number of different
mechanisms (e.g., dysbiosis, dietary changes, and infections).
As discussed later, a number of researchers, contrary to the
findings of Kulkarni et al., have suggested a role for glia in
neurogenesis in the adult gut'>'”.

Disruption of the ENS in early life: early life
programming

The concept of early life vulnerability and the importance of
the first 1000 days (from conception to the second year of
life) are highly topical and thought to be key determinants
of health and disease. Indeed, development of the ENS appears
to extend beyond embryogenesis and foetal life well into
post-natal life as evidenced by changing patterns of motil-
ity, making it particularly vulnerable to re-programming. Thus,
any disturbances in ENS development or disruptions of its
complex molecular interactions can lead to structural or func-
tional GI abnormalities'. Interestingly, not only can this result
in immediate effects but, akin to cardiovascular programming,
these early programming events can have consequences after
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significant periods of time, perhaps coinciding with other
influences on ENS function, such as puberty. Functional abdomi-
nal pain disorders, now referred to as disorders of gut-brain
interaction, appear to be good examples of this (reviewed in
Thapar er al.*). A number of early life factors and ‘insults’
appear to programme the ENS and lead to disturbances of its
function.

It has long been known that breast milk contains neurotrophic
factors (e.g., glial cell line-derived neurotrophic factor, trans-
forming growth factor [ and ciliary neurotrophic factor),
cytokines and oligosaccharides that are important for the devel-
opment and neuronal survival of the ENS**2. Fichter et al.
demonstrated that dissociated myenteric neurons from post-natal
rats generated longer lengths of neurite outgrowth and displayed
higher neuronal survival when cultured in a medium enriched
with breast milk protein extracts, in comparison with the
control medium®'. In similar experiments, other milk-derived
bioactive peptides such as tryptic P-casein hydrolysate were
also found to modulate ENS maturation by stimulating neurite
outgrowth and forming enteric ganglia-like structures®.

It is well recognised that GI infections in children predispose
them to develop functional abdominal pain disorders*?*. A
number of studies show the likely contribution of inflammatory
damage to neuronal hyper-excitability, possibly related to aber-
rant ENS regeneration®. Similar pathophysiology with cow’s
milk protein allergy may also lead to disorders of gut-brain
interaction in later life’’**. Recent studies have suggested that
infections in utero may impact on ENS integrity. Though yet
to be confirmed in humans, chorioamnionitis in animal models
was associated with ENS damage, including loss of both neurons
and glia”.

In germ-free mice with a complete absence of gut microbiota
in early post-natal life, the ENS develops with fewer myenteric
neurons but with a higher proportion of neuronal nitric
oxide synthase (nNOS) subtypes®. Intestinal motility was also
reduced in these animals, affecting both the frequency and
amplitude of intestinal contractions. Likewise, neonatal mice
that received antibiotics appear to have disruption of microbi-
ota composition and diversity in the small and large intestine’'.
Early post-natal exposure of mouse pups to vancomycin (from
birth to post-natal day 10) affected colonic motility, reduced
the density of myenteric neurons and proportions of nNOS
neurons and increased proportions of calbindin (cholinergic)
neurons®’. The impact of vancomycin on the ENS appears
to vary with post-natal age and is likely secondary to influ-
ences on the microbiota, although direct effects on the ENS are
possible’>*.  Short-chain fatty acid (SCFA)-producing gut
microbiota can modulate extrinsic enteric-associated neurons,
composed of sensory afferents and autonomic efferents, to regu-
late GI motility**. SCFAs (i.e., acetate, propionate and butyrate)
at physiologically relevant concentrations could regulate
ENS development by increasing the growth rate of human
neural progenitor cells through the expression of genes involved
in neurogenesis, proliferation and apoptosis. Conversely, high

levels of SCFAs are associated with toxic effects on the
neural progenitor cells*. Other bacterial metabolites, including
branched SCFA, isovaleric acid, also cause colonic smooth
muscle relaxation®®. These findings underpin the importance of
the intestinal microbiota to the post-natal development of the
ENS*7, Interestingly, these effects on the ENS can be rescued
early in post-natal life through replenishment of microbiota’”*
(reviewed in 37).

In addition to intestinal dysmotility, other studies in germ-free
mice also revealed stress and anxiety-like behaviour, compared
with mice with healthy gut microbiota. These changes were
difficult to reverse in later life***!. This highlights the fact that
alongside their effects on the ENS, gut microbiota also impact
upon the CNS. These complex and wide-ranging influences
within the axis are mediated by the immune system and extrin-
sic innervation as well as a number of factors, including
microbial products (e.g., SCFAs and lipopolysaccharide) and
hormones*. Several studies in mice have confirmed that gut
microbial composition can modulate the development, matura-
tion and function of the CNS both pre- and post-natally*"*—.
Importantly, there is a developmental “window of vulnerability”
early in life when perturbation of the gut microbiota causes
long-lasting effects on CNS function. An example where
disruption of the ENS and gut microbiome in humans is impli-
cated in the development of lifelong consequences can be seen
in children with autistic spectrum disorders**". Furthermore,
GI dysfunction (e.g., abdominal pain, constipation, delayed
gastric emptying and colonic transit and weight loss) has been
noted in patients with amyotrophic lateral sclerosis, Parkinson’s
disease’'™* or Alzheimer’s disease™ prior to the onset of CNS
manifestations of these disorders. Data from patients as well as
animal models suggest that Parkinson’s disease affects distinct
subsets of neurons and glia in the ENS. Several studies
have revealed Lewy-type pathology in enteric neurons from
biopsies of patients with Parkinson’s disease’®” and in animal
models™°. This type of pathology in the CNS is associated with
degeneration of dopaminergic neurons; however, in the ENS,
the association with neurodegeneration is less clear. A reduction
in VIP expression has been described in the submucosal
plexus of Parkinson’s patients with constipation®. Scheperjans
et al. demonstrated differences in the abundance of certain
bacterial families in faecal microbiomes between patients with
Parkinson’s disease and controls®’. There were associations
between clinical parameters (e.g., postural instability and gait
difficulty) and microbiota (e.g., Enterobacteriaceae)’'. Another
study found a reduction in faecal SCFA concentrations in
Parkinson’s disease that theoretically could cause ENS
disturbances leading to GI dysmotility®>. However, the role of
early life disruption of the ENS and microbiota in these neurode-
generative disorders is as yet undetermined (reviewed in 52,63).

Environmental factors such as physical and emotional stress at
early stages of life also have potential impacts on ENS devel-
opment and its lifelong physiological function. These factors
lead to various GI disorders such as abdominal pain, diarrhoea,
constipation and increased susceptibility to enteric infections'.
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Early exposure to environmental stressors has been known to
influence microbial composition in the gut, mediated through
the hypothalamic-pituitary-adrenal axis, via the activation
of corticotropin-releasing factor*®. This results in the altera-
tions of intestinal epithelial integrity, intestinal motility and
secretions, which contribute to the change of the intestinal
habitat of resident bacteria, leading not only to dysbiosis but
also to abnormal stress responses™®". Other mechanisms of
stress-induced GI diseases involve an increase in the number
and activation of immune cell (mast cell) and GI neurotrans-
mitters, including choline acetyltransferase (ChAT), substance
P and serotonin®. In animal models®, neonatal maternal separa-
tion induces long-term upregulation of ChAT activity, leading
to an increase in GI motility, mast cell degranulation and
visceral hypersensitivity. The GI pathophysiological changes
in animals exposed to early-life stressors are comparable to
those proposed in humans with irritable bowel syndrome.

Though only explored within animal models but not proven in
humans, deficiencies of certain nutritional components (e.g.,
vitamin A) or exposure to pharmacological agents (e.g., ibupro-
fen) commonly used in pregnancy appear capable of disrupting
normal ENS development®®®. In these experiments, the ENS
effects, including aganglionosis, were structurally significant,
raising the possibility that more subtle ENS changes with func-
tional consequences occur with environmental or dietary agents
during both pregnancy and the early post-natal period.

ENS and Gl motility

The control of GI motility and the propagation of luminal
contents is an essential function of the ENS. This is reliant on
having both a repertoire of appropriate cellular components
and patterns of communication between them (i.e., circuits) to
initiate and regulate precise contractile events along the length
of the GI tract.

Beyond excitatory and inhibitory neurons, the regulation of
motility also appears to rely upon the cooperation of the ENS
with other key cell types, notably platelet-derived growth
factor receptor alpha (PDGFR), interstitial cells of Cajal (ICCs),
as well as enteric glial cells (EGCs) and intestinal macrophages.
Although interactions of the ENS with smooth muscle, ICCs
and PDGFRo* cells have long been implicated in GI motility,
as multicellular units referred to as SIP syncytium (reviewed
in 70,71), only recently has the interaction of intestinal mac-
rophages to modulate GI motility and shape ENS circuits
been described. This, as well as the role of EGCs in motility, is
discussed in the sections below.

Unfortunately, little is known regarding the generation of
neuronal diversity and factors involved in the specification of
individual neuronal subtypes within the ENS. Using comparative
RNA profiling, Memic et al. showed that a lack of SOX6
in the ENS reduced the numbers of gastric dopamine
neurons and resulted in delayed gastric emptying, suggesting
that SOX6 is required for the development of this neuronal
subtype””. Using single-cell RNA sequencing, a recent study
revealed a novel classification of myenteric neurons, based on

their communication features, and provided a better under-
standing of the development of neuronal diversity in the ENS™.
Lasrado et al., using fate mapping of ENS precursors, showed
that lineage relationships underpin the spatial and functional
organisation of intestinal neural networks™. Founder precursors
gave rise not only to a diversity of neuronal and glial subtypes
but also to ENS clonal units that colonise and organise them-
selves spatially across the gut wall as columns along the
serosa-mucosa polar axis of the gut cylinder. Importantly, the
clonal units also showed coordinated activity, suggesting that
overlapping clonal units underpin the structure and function
of the plexuses of the ENS, which ultimately may explain the
coordination of gut motility and secretions along the GI tract’.
Sasselli et al.”” showed that ablation of planar cell polarity
genes such as Ceslr3 results in disruption of the organisation
of enteric neuronal projections and presumably in circuitry
with profound effects on GI motility. Akin to a significant
proportion of GI motility disorders, the ENS in Celsr3 mutants
showed minimal obvious visible changes in the ENS in terms
of numbers of cells or ganglia, neuronal diversity and ENS
networks”.

Enteric glial cells

EGCs are the most prolific components of the ENS that inti-
mately surround enteric neurons and nerve fibres. However,
beyond the traditional concept of functioning as neuronal
supporting structures, they are now recognised to play key roles
in regulating a range of physiological processes, many previously
considered to be under the exclusive remit of enteric neuronal
cells. Such processes are now known to occur through bidirec-
tional interactions with cells, both neuronal and non-neuronal,
in the gut wall™.

Owing to the diversity of EGCs along the GI tract, they have
been classified into at least six different subtypes according to
their regional localisation’*”’. Intraganglionic EGCs reside in
apposition to neuronal cell bodies within either the myenteric
(myenteric glia) or submucosal (submucosal glia) plexuses,
modulating the activity of myenteric and secretomotor neurons,
respectively’®”. Myenteric glia are arguably the best studied
and appear to be involved in a number of functions, including
regulation of neuroinflammation and oxidative stress, gliogen-
esis, neurogenesis, and replenishment of mucosal glia (reviewed
in 76). Extraganglionic EGCs are associated with nerve fibres
at different levels and comprise enteric plexus, interganglionic,
mucosal and intramuscular glia. Interganglionic glia appear to
be involved in neuromodulation and signal propagation in the
glial network; whereas, mucosal glia appear to influence epithe-
lial cell maturation and modulate both immune responses and
neuroendocrine signalling (reviewed in 76).

EGCs appear to play key roles in maintaining the cellular integ-
rity of the ENS, including neurons. Though not supported by
the findings by Kulkarni et al. (discussed earlier), Laranjeira
et al. showed that after chemical injury to the intestine EGCs
act as the source of new neurons, suggesting that in the face of
enteric neuronal loss from insults and the absence of constitu-
tive neurogenesis, EGCs may act to sustain enteric neuronal
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populations'®. McCallum et al."” recently demonstrated that
non-neuronal cells in zebrafish, presumed to be EGCs, were
dynamic, proliferating under physiological conditions and
differentiating into enteric neurons. Kabouridis et al. showed
that EGCs migrate from the plexuses of the gut wall to the
lamina propria, where they replenish mucosal EGCs and that,
importantly, this process appears to be regulated by luminal
microbiota®*. Indeed, the formation of the EGC network
appeared to parallel the evolution of the gut microbiota, which
also carries considerable potential functional implications for the
microbiota-gut-brain axis.

EGCs are also considered to have essential roles in the main-
tenance of intestinal epithelial barrier integrity and regulation
of epithelial cell proliferation®’. Studies in animals show that
EGCs have antiproliferative and prodifferentiative effects on
epithelial cells®>* and that their loss leads to an increase in
intestinal permeability®*>. Mucosal glia have intricate interac-
tions with nerves, immune cells, microbiome, enterocytes and/or
enterochromaffin (neuroendocrine) cells at the mucosal level.
These can be influenced by inflammation and, in turn, modu-
late local immune responses, intestinal sensory function, and gut
barrier integrity’®*. EGCs modulate these processes after
injury by responding to and/or secreting inflammatory media-
tors such as interleukin (IL)-1 and IL-6*. In response to
pro-inflammatory stimuli released during inflammatory condi-
tions (e.g. Crohn’s disease, chagasic megacolon) EGCs express
major histocompatibility group class II antigens to activate a
specific subset of lymphocyte (regulatory T [Treg] cell) to main-
tain homeostasis®**’. Interestingly, Rao er al. used the Plpl
promoter to selectively eliminate glia in mice and found that
EGCs are not required for epithelial homeostasis but have
a role to play in the regulation of intestinal motility in a
sex-dependent manner”.

With regard to GI motility, the intestinal peristaltic reflex is also
regulated by bidirectional communication between enteric neu-
rons and EGCs by detecting neurotransmitter receptor signal-
ling, particularly through excitatory neuronal pathways**’'. EGCs
receive signals from enteric neurons via multiple neurotrans-
mitters (e.g., acetylcholine, catecholamine, glutamate and
serotonin)® that activate intracellular calcium responses and
evoke glial activities®. Reciprocally, glial activation leads to
the release of gliotransmitters such as purinergic transmitters,
ATP, through pannexin membrane channels and/or through the
reversal of neurotransmitter transporters. This gliotransmission
could modulate enteric neural circuits or be sufficient to drive
intestinal neurogenic contractions®***?. Studies showed that
augmentation or ablation of glial activation is capable of
affecting the strength, frequency and velocity of colonic con-
tractions and development of post-inflammatory visceral
hypersensitivity”'****.  EGCs have also been implicated in
the development of post-operative ileus from the increased

95

production of IL-1%.

In normal physiological conditions, EGCs work to maintain
homeostasis within the ENS by consistently monitoring extra-
cellular environments via their receptors. Alteration of ENS

homeostasis, including through insults, evokes a process of
reactive gliosis. This context-dependent process is aimed at the
restoration of homeostasis and the limitation of tissue damage
but can also contribute to disturbances of GI motility and vis-
ceral pain. In certain circumstances, reactive gliosis can become
detrimental and lead to neuroinflammation and aberrant neu-
ronal plasticity, eventually leading to dysfunctional abnormali-
ties, including permanent dysfunction of EGCs (gliopathy)™.
Much recent interest has been focused on the modulatory prop-
erties of EGCs for the treatment of different GI diseases, espe-
cially those characterised by chronic inflammation and altered
neuroplasticity (e.g., disorders of GI hypersensitivity or motility).
Most of these novel treatment strategies focus on preventing
reactive gliosis’™ (reviewed in 96).

ENS interaction with the epithelium and sensory
signalling

Overall, the ENS provides the critical sensory system that is
required to function at the vast interface of the GI mucosal
lining with the gut luminal contents, which contain both com-
ponents essential for life and health (e.g., nutrients and sym-
bionts) and those that are potentially injurious (pathogens and
toxins). In turn, these sensory elements work in concert with
effectors to evoke appropriate responses within the many com-
ponent cells of the GI tract. Improved understanding in recent
years has revealed far more complex and interactive functional
roles for each of these interactions.

Projections from both enteric neurons and glia in the submu-
cosal plexus directly contact the epithelial cells to suggest the
role of the ENS in neuro-epithelial communication to con-
trol mucosal functions and maintain the intestinal epithelial
integrity through cytokine production and regulation of tight
junction expression”'. The roles of glia in this respect have
been discussed earlier. Recently, Jarret et al. found that enteric
neurons play a key role in the mucosal barrier by releasing
IL-18 to control goblet cell antimicrobial protein expression and
to directly kill intestinal pathogens'’'.

Sensory signalling in the bowel is mediated via three basic
cells: intrinsic primary afferent neurons (IPANs), enteroendo-
crine cells and immune cells>. IPANs form an interconnected
network with their terminals encoding chemical stimuli from
intermediate cells (e.g., enterochromaffin cells) located in the
lamina propria of the gut as well as directly receiving mechani-
cal stimuli from intestinal contractions and distensions. As
the ENS is organised in microcircuits, sensory signals from
IPANs are able to initiate local intramural reflexes via interneu-
rons and enteric motor neurons®*®’. This output is ultimately
involved in the modulation of intestinal contraction, epithelial
secretion and enteric blood flow”.

As the mucosal endings of sensory neurons are separated from
intraluminal contents by epithelial lining, these contents are
detected by receptors on enteroendocrine cells. These are spe-
cialised cells within the epithelium, which release messenger
molecules, such as neurotransmitters, to activate both intrinsic
and extrinsic sensory neurons and modulate ENS activity'>!%.
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Enterochromaffin cells constitute one subtype of enteroendo-
crine cell and function as sensory transducers responding to
intraluminal stimuli. The main transmitter released from ente-
rochromaffin cells onto nerve terminals is serotonin, whose
release is necessary for generating neural signals for normal
peristalsis and secretomotor reflexes®®!%.

An example of neuro-endocrine integration in response to lumi-
nal stimuli is the control of gastric acid secretion from pari-
etal cells, which involves three main factors: gastrin, histamine
and somatostatin. These hormones are released from sub-
types of enteroendocrine cells—antral G-type enteroendocrine
cells, enterochromaffin-like cells and gastric mucosal D cells,
respectively—in response to changes in luminal contents. Parietal
cells are also influenced by excitatory neurons located within
the gastric ENS, and the release of gastrin is also generated
by a transmitter released from enteric neurons'®.

ENS regulation of immune function

The GI tract presents one of the largest immune organs in
the body. There is recent and accumulating evidence to sug-
gest that the ENS and immune systems are inexorably linked
from development through to the neuromodulation of intestinal
immunity by the ENS.

Intestinal macrophages

Intrinsic enteric neurons, especially those of the myenteric
plexus, have been identified as gatekeepers of immune home-
ostasis in the GI tract. A particular focus of this interaction
has been the muscularis macrophages (MM), a macrophage
subtype that resides within the myenteric plexus and associ-
ates with both enteric neurons and ICCs'” (reviewed in 106,107).
Given this collaboration, it is perhaps not surprising that MM
appear to be involved in the regulation of smooth muscle con-
tractility and therefore of GI motility. Much of this under-
standing has come from the study of post-operative ileus, a
well-described clinical state characterised by prolonged iner-
tia of intestinal motility following trauma, surgery or instru-
mentation. MM appear to be key in the pathogenesis of
post-operative ileus given their production of mediators that
impair smooth muscle contractility, such as inducible nitric
oxide synthase'®''°. Tt is now clear that enteric neurons are
capable of direct interaction with MM as well as modulating
their function'''-""*. This interaction is likely to underlie the abil-
ity of vagal nerve stimulation to reduce post-operative ileus
and inflammation by activating STAT3 in MM without direct
contact between the vagal nerve and MM'". It is the myenteric
neurons that appear to act as intermediaries between vagal
efferents and MM, further supported by their ability to release
critical macrophage colony-stimulating factor and respond to
factors produced by MM (e.g., bone morphogenic protein)'".
Interestingly, in intestinal inflammation, another population of
macrophages, intraganglionic macrophages, appear to medi-
ate degradation of the blood-myenteric barrier, which allows
inflammatory mediators to access the myenteric ganglia. This

may underlie a potential mechanism for disorders of neuronal
dysfunction''®.

Adaptive immune system

There is evidence that the enteric nervous and immune sys-
tems share gene regulation and signalling mechanisms related to
development (reviewed in 117). Furthermore, enteric neu-
ron projections can be found in close apposition to adaptive
immune cells, such as within Peyer’s patches (lymphoid fol-
licles in the mucosa)''®'"” and close to Treg cells in the lamina
propria'®’. Vulchanova et al. found that enteric neurons were
able to affect the balance of Treg cell populations in the
colon'”. The neurons release IL-6 to modulate immunoregu-
latory tone by inhibiting or activating different subtypes of
Treg cells dependent on the IL-6 concentration (low concen-
trations decrease total in vitro Treg cells and increase the frac-
tion of Treg cells that express the nuclear hormone receptor
(RORY), but high concentrations block both)'?. The expression
of IL-6 from enteric neurons can also be modulated by
neuropeptide-releasing neurons (e.g., VIP* neurons)'”’. The pre-
cise implications of these interactions for disease are yet to be
determined.

Conclusions and clinical implications

Though one of the most primordial systems of the human
body, the GI tract remains arguably underrated. Yet it houses a
‘brain’, the ENS, whose interactions and functions truly span
the breadth of physiological processes known to occur within
the human body. This article has attempted to explore the
most recent advances in our understanding of the role of the
ENS in some of these. Beyond the basic development of the
ENS, the last decade has witnessed a greater understanding
of the diversity and complexity of the neurons and glia that
compose the ENS and their elaborate interactions, not only
with the enteric neuromusculature but also with epithelial,
enteroendocrine and immune cells as well as microbiota and
the CNS. The interactions, at minimum, effect and regulate
luminal sensing, GI motility, epithelial function and integrity,
immune function and blood flow and, beyond this, development
and well-being across a number of organ systems. It follows
that, though not addressed in this short review, disturbances
of these roles and interactions of the ENS, especially in early
life, are likely to have significant implications for the devel-
opment of diseases of the GI tract, brain and other body sys-
tems. These include a host of conditions from disorders of
gut-brain interaction (e.g., irritable bowel syndrome and func-
tional dyspepsia) to severe GI motility (e.g., gastroparesis,
paediatric intestinal pseudo-obstruction, slow transit constipa-
tion and Hirschsprung disease) and inflammatory disorders
(e.g., necrotising enterocolitis and inflammatory bowel disease)
as well as those affecting the CNS. These are covered in
excellent reviews>'?'-'. Therefore, a deeper understanding
of the ENS and the molecular mechanisms of its roles
and interactions appears essential in the drive to develop novel
and effective preventative or therapeutic strategies for these
often devastating diseases'*.



% Faculty Opinions

Faculty Reviews 2022 11:(7)

References

G Faculty Opinions Recommended

20.

21.

Rao M, Gershon MD: Enteric nervous system development: What could
possibly go wrong? Nat Rev Neurosci. 2018; 19(9): 552—65.
PubMed Abstract | Publisher Full Text | Free Full Text

s Mayer EA: Gut feelings: The emerging biology of gut-brain
communication. Nat Rev Neurosci. 2011; 12(8): 453-66.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Carabotti M, Scirocco A, Maselli MA, et al.: The gut-brain axis: Interactions
between enteric microbiota, central and enteric nervous systems. Ann
Gastroenterol. 2015; 28(2): 203-9.

PubMed Abstract | Free Full Text

Margolis KG, Cryan JF, Mayer EA: The Microbiota-Gut-Brain Axis: From Motility
to Mood. Gastroenterology. 2021; 160(5): 1486-501.
PubMed Abstract | Publisher Full Text | Free Full Text

Gershon MD: The enteric nervous system: A second brain. Hosp Pract (1995).
1999; 34(7): 31-2, 35-8, 41-2 passim.
PubMed Abstract | Publisher Full Text

G Furness JB, Stebbing MJ: The first brain: Species comparisons and
evolutionary implications for the enteric and central nervous systems.
Neurogastroenterol Motil. 2018; 30(2).

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

s Nagy N, Goldstein AM: Enteric nervous system development: A crest
cell’s journey from neural tube to colon. Semin Cell Dev Biol. 2017; 66: 94—106.
PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Kang YN, Fung C, Vanden Berghe P: Gut innervation and enteric nervous
system development: A spatial, temporal and molecular tour de force.
Development. 2021; 148(3): dev182543.

PubMed Abstract | Publisher Full Text

Xu Q, Heanue T, Pachnis V: Travelling within the fetal gut: Simple rules for an
arduous journey. BMC Biol. 2014; 12: 50.
PubMed Abstract | Publisher Full Text | Free Full Text

Heuckeroth RO, Schafer KH: Gene-environment interactions and the enteric
nervous system: Neural plasticity and Hirschsprung disease prevention. Dev
Biol. 2016; 417(2): 188-97.

PubMed Abstract | Publisher Full Text | Free Full Text

Furness JB: The Enteric Nervous System. Oxford: Blackwell; 2006.
Reference Source

s Metzger M, Bareiss PM, Danker T, et al.: Expansion and differentiation of
neural progenitors derived from the human adult enteric nervous system.
Gastroenterology. 2009; 137(6): 2063—-2073.e4.

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

s Metzger M, Caldwell C, Barlow AJ, et al.: Enteric nervous system stem
cells derived from human gut mucosa for the treatment of aganglionic gut
disorders. Gastroenterology. 2009; 136(7): 2214-25.e1-3.

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

s Joseph NM, He S, Quintana E, et al.: Enteric glia are multipotent in culture
but primarily form glia in the adult rodent gut. J Clin Invest. 2011; 121(9):
3398-411.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

G Laranjeira C, Sandgren K, Kessaris N, et al.: Glial cells in the mouse enteric
nervous system can undergo neurogenesis in response to injury. J Clin Invest.
2011;121(9): 3412-24.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Belkind-Gerson J, Hotta R, Nagy N, et al.: Colitis induces enteric neurogenesis
through a 5-HT-dependent mechanism. Inflamm Bowel Dis. 2015; 21(4): 870-8.
PubMed Abstract | Publisher Full Text | Free Full Text

Kulkarni S, Micci MA, Leser J, et al.: Adult enteric nervous system in health
is maintained by a dynamic balance between neuronal apoptosis and
neurogenesis. Proc Natl Acad Sci U S A. 2017; 114(18): E3709-E3718.
PubMed Abstract | Publisher Full Text | Free Full Text

Rao M, Gershon MD: Neurogastroenterology: The dynamic cycle of life in the
enteric nervous system. Nat Rev Gastroenterol Hepatol. 2017; 14(8): 453—4.
PubMed Abstract | Publisher Full Text

s McCallum S, Obata Y, Fourli E, et al.: Enteric glia as a source of neural
progenitors in adult zebrafish. eLife. 2020; 9: e56086.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Thapar N, Benninga MA, Crowell MD, et al.: Paediatric functional abdominal pain
disorders. Nat Rev Dis Primers. 2020; 6(1): 89.
PubMed Abstract | Publisher Full Text

Fichter M, Klotz M, Hirschberg DL, et al.: Breast milk contains relevant

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

neurotrophic factors and cytokines for enteric nervous system development.
Mol Nutr Food Res. 2011; 55(10): 1592-6.
PubMed Abstract | Publisher Full Text

Rodriguez JM, Fernandez L, Verhasselt V: The Gut-Breast Axis: Programming
Health for Life. Nutrients. 2021; 13(2): 606.
PubMed Abstract | Publisher Full Text | Free Full Text

Cossais F, Clawin-Radecker |, Lorenzen PC, et al.: Short communication: Tryptic
p-casein hydrolysate modulates enteric nervous system development in
primary culture. J Dairy Sci. 2017; 100(5): 3396—-403.

PubMed Abstract | Publisher Full Text

Pensabene L, Talarico V, Concolino D, et al.: Postinfectious functional
gastrointestinal disorders in children: A multicenter prospective study.
J Pediatr. 2015; 166(4): 903-7.e1.

PubMed Abstract | Publisher Full Text

G Cremon C, Stanghellini V, Pallotti F, et al.: Salmonella gastroenteritis
during childhood is a risk factor for irritable bowel syndrome in adulthood.
Gastroenterology. 2014; 147(1): 69-77.

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation
Nurgali K, Qu Z, Hunne B, et al.: Morphological and functional changes in
guinea-pig neurons projecting to the ileal mucosa at early stages after
inflammatory damage. J Physiol. 2011; 589(Pt 2): 325-39.

PubMed Abstract | Publisher Full Text | Free Full Text

G Saps M, Lu P, Bonilla S: Cow’s-milk allergy is a risk factor for the
development of FGIDs in children. J Pediatr Gastroenterol Nutr. 2011; 52(2):
166-9.

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation
Pensabene L, Salvatore S, D'Auria E, et al.: Cow’s Milk Protein Allergy in
Infancy: A Risk Factor for Functional Gastrointestinal Disorders in Children?
Nutrients. 2018; 10(11): 1716.

PubMed Abstract | Publisher Full Text | Free Full Text

Heymans C, de Lange IH, Lenaerts K, et al.: Chorioamnionitis induces enteric
nervous system injury: Effects of timing and inflammation in the ovine fetus.
Mol Med. 2020; 26(1): 82.

PubMed Abstract | Publisher Full Text | Free Full Text

Collins J, Borojevic R, Verdu EF, et al.: Intestinal microbiota influence the early
postnatal development of the enteric nervous system. Neurogastroenterol Motil.
2014; 26(1): 98-107.

PubMed Abstract | Publisher Full Text

Hung LY, Boonma P, Unterweger P, et al.: Neonatal Antibiotics Disrupt Motility
and Enteric Neural Circuits in Mouse Colon. Cell Mol Gastroenterol Hepatol.
2019; 8(2): 298-300.€6.

PubMed Abstract | Publisher Full Text | Free Full Text

Delungahawatta T, Amin JY, Stanisz AM, et al.: Antibiotic Driven Changes in Gut
Motility Suggest Direct Modulation of Enteric Nervous System. Front Neurosci.
2017;11: 588.

PubMed Abstract | Publisher Full Text | Free Full Text

Hung LY, Parathan P, Boonma P, et al.: Antibiotic exposure postweaning
disrupts the neurochemistry and function of enteric neurons mediating
colonic motor activity. Am J Physiol Gastrointest Liver Physiol. 2020; 318(6):
G1042-G1053.

PubMed Abstract | Publisher Full Text | Free Full Text

G Muller PA, Schneeberger M, Matheis F, et al.: Microbiota modulate
sympathetic neurons via a gut-brain circuit. Nature. 2020; 583(7816): 441-6.
PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Yang LL, Millischer V, Rodin S, et al.: Enteric short-chain fatty acids promote
proliferation of human neural progenitor cells. J Neurochem. 2020; 154(6):
635-46.

PubMed Abstract | Publisher Full Text

Blakeney BA, Crowe MS, Mahavadi S, et al.: Branched Short-Chain Fatty Acid
Isovaleric Acid Causes Colonic Smooth Muscle Relaxation via cAMP/PKA
Pathway. Dig Dis Sci. 2019; 64(5): 1171-81.

PubMed Abstract | Publisher Full Text | Free Full Text

Foong JPP, Hung LY, Poon S, et al.: Early life interaction between the
microbiota and the enteric nervous system. Am J Physiol Gastrointest Liver
Physiol. 2020; 319(5): G541-G548.

PubMed Abstract | Publisher Full Text | Free Full Text

s McVey Neufeld KA, Perez-Burgos A, Mao YK, et al.: The gut microbiome
restores intrinsic and extrinsic nerve function in germ-free mice accompanied
by changes in calbindin. Neurogastroenterol Motil. 2015; 27(5): 627-36.

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

s Sudo N, Chida Y, Aiba Y, et al.: Postnatal microbial colonization programs
the hypothalamic-pituitary-adrenal system for stress response in mice.

J Physiol. 2004; 558(Pt 1): 263-75.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation


http://www.ncbi.nlm.nih.gov/pubmed/30046054
http://dx.doi.org/10.1038/s41583-018-0041-0
http://www.ncbi.nlm.nih.gov/pmc/articles/6261281
https://facultyopinions.com/717964375
http://www.ncbi.nlm.nih.gov/pubmed/21750565
http://dx.doi.org/10.1038/nrn3071
http://www.ncbi.nlm.nih.gov/pmc/articles/3845678
https://facultyopinions.com/717964375
http://www.ncbi.nlm.nih.gov/pubmed/25830558
http://www.ncbi.nlm.nih.gov/pmc/articles/4367209
http://www.ncbi.nlm.nih.gov/pubmed/33493503
http://dx.doi.org/10.1053/j.gastro.2020.10.066
http://www.ncbi.nlm.nih.gov/pmc/articles/8634751
http://www.ncbi.nlm.nih.gov/pubmed/10418549
http://dx.doi.org/10.3810/hp.1999.07.153
https://facultyopinions.com/731980364
http://www.ncbi.nlm.nih.gov/pubmed/29024273
http://dx.doi.org/10.1111/nmo.13234
https://facultyopinions.com/731980364
https://facultyopinions.com/727213241
http://www.ncbi.nlm.nih.gov/pubmed/28087321
http://dx.doi.org/10.1016/j.semcdb.2017.01.006
http://www.ncbi.nlm.nih.gov/pmc/articles/5474363
https://facultyopinions.com/727213241
http://www.ncbi.nlm.nih.gov/pubmed/33558316
http://dx.doi.org/10.1242/dev.182543
http://www.ncbi.nlm.nih.gov/pubmed/25184534
http://dx.doi.org/10.1186/s12915-014-0050-z
http://www.ncbi.nlm.nih.gov/pmc/articles/4096386
http://www.ncbi.nlm.nih.gov/pubmed/26997034
http://dx.doi.org/10.1016/j.ydbio.2016.03.017
http://www.ncbi.nlm.nih.gov/pmc/articles/5026873
https://www.wiley.com/en-us/The+Enteric+Nervous+System-p-9781405133760
https://facultyopinions.com/3292957
http://www.ncbi.nlm.nih.gov/pubmed/19549531
http://dx.doi.org/10.1053/j.gastro.2009.06.038
https://facultyopinions.com/3292957
https://facultyopinions.com/1162362
http://www.ncbi.nlm.nih.gov/pubmed/19505425
http://dx.doi.org/10.1053/j.gastro.2009.02.048
https://facultyopinions.com/1162362
https://facultyopinions.com/13357404
http://www.ncbi.nlm.nih.gov/pubmed/21865643
http://dx.doi.org/10.1172/JCI58186
http://www.ncbi.nlm.nih.gov/pmc/articles/3163971
https://facultyopinions.com/13357404
https://facultyopinions.com/13357405
http://www.ncbi.nlm.nih.gov/pubmed/21865647
http://dx.doi.org/10.1172/JCI58200
http://www.ncbi.nlm.nih.gov/pmc/articles/3163972
https://facultyopinions.com/13357405
http://www.ncbi.nlm.nih.gov/pubmed/25742399
http://dx.doi.org/10.1097/MIB.0000000000000326
http://www.ncbi.nlm.nih.gov/pmc/articles/6688165
http://www.ncbi.nlm.nih.gov/pubmed/28420791
http://dx.doi.org/10.1073/pnas.1619406114
http://www.ncbi.nlm.nih.gov/pmc/articles/5422809
http://www.ncbi.nlm.nih.gov/pubmed/28655880
http://dx.doi.org/10.1038/nrgastro.2017.85
https://facultyopinions.com/738565323
http://www.ncbi.nlm.nih.gov/pubmed/32851974
http://dx.doi.org/10.7554/eLife.56086
http://www.ncbi.nlm.nih.gov/pmc/articles/7521928
https://facultyopinions.com/738565323
http://www.ncbi.nlm.nih.gov/pubmed/33154368
http://dx.doi.org/10.1038/s41572-020-00222-5
http://www.ncbi.nlm.nih.gov/pubmed/21809438
http://dx.doi.org/10.1002/mnfr.201100124
http://www.ncbi.nlm.nih.gov/pubmed/33673254
http://dx.doi.org/10.3390/nu13020606
http://www.ncbi.nlm.nih.gov/pmc/articles/7917897
http://www.ncbi.nlm.nih.gov/pubmed/28259395
http://dx.doi.org/10.3168/jds.2016-11440
http://www.ncbi.nlm.nih.gov/pubmed/25661403
http://dx.doi.org/10.1016/j.jpeds.2014.12.050
https://facultyopinions.com/718321442
http://www.ncbi.nlm.nih.gov/pubmed/24657623
http://dx.doi.org/10.1053/j.gastro.2014.03.013
https://facultyopinions.com/718321442
http://www.ncbi.nlm.nih.gov/pubmed/21098001
http://dx.doi.org/10.1113/jphysiol.2010.197707
http://www.ncbi.nlm.nih.gov/pmc/articles/3043536
https://facultyopinions.com/6673956
http://www.ncbi.nlm.nih.gov/pubmed/20975580
http://dx.doi.org/10.1097/MPG.0b013e3181e85b55
https://facultyopinions.com/6673956
http://www.ncbi.nlm.nih.gov/pubmed/30423934
http://dx.doi.org/10.3390/nu10111716
http://www.ncbi.nlm.nih.gov/pmc/articles/6265683
http://www.ncbi.nlm.nih.gov/pubmed/32883198
http://dx.doi.org/10.1186/s10020-020-00206-x
http://www.ncbi.nlm.nih.gov/pmc/articles/7469100
http://www.ncbi.nlm.nih.gov/pubmed/24329946
http://dx.doi.org/10.1111/nmo.12236
http://www.ncbi.nlm.nih.gov/pubmed/31022477
http://dx.doi.org/10.1016/j.jcmgh.2019.04.009
http://www.ncbi.nlm.nih.gov/pmc/articles/6717783
http://www.ncbi.nlm.nih.gov/pubmed/29104530
http://dx.doi.org/10.3389/fnins.2017.00588
http://www.ncbi.nlm.nih.gov/pmc/articles/5655012
http://www.ncbi.nlm.nih.gov/pubmed/32390463
http://dx.doi.org/10.1152/ajpgi.00088.2020
http://www.ncbi.nlm.nih.gov/pmc/articles/7311661
https://facultyopinions.com/738276719
http://www.ncbi.nlm.nih.gov/pubmed/32641826
http://dx.doi.org/10.1038/s41586-020-2474-7
http://www.ncbi.nlm.nih.gov/pmc/articles/7367767
https://facultyopinions.com/738276719
http://www.ncbi.nlm.nih.gov/pubmed/31784978
http://dx.doi.org/10.1111/jnc.14928
http://www.ncbi.nlm.nih.gov/pubmed/30560338
http://dx.doi.org/10.1007/s10620-018-5417-5
http://www.ncbi.nlm.nih.gov/pmc/articles/6499669
http://www.ncbi.nlm.nih.gov/pubmed/32902314
http://dx.doi.org/10.1152/ajpgi.00288.2020
http://www.ncbi.nlm.nih.gov/pmc/articles/8087348
https://facultyopinions.com/725372581
http://www.ncbi.nlm.nih.gov/pubmed/25727007
http://dx.doi.org/10.1111/nmo.12534
https://facultyopinions.com/725372581
https://facultyopinions.com/1019368
http://www.ncbi.nlm.nih.gov/pubmed/15133062
http://dx.doi.org/10.1113/jphysiol.2004.063388
http://www.ncbi.nlm.nih.gov/pmc/articles/1664925
https://facultyopinions.com/1019368

% Faculty Opinions

Faculty Reviews 2022 11:(7)

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

58.

54.

55.

56.

57.

58.

59.

60.

G Neufeld KM, Kang N, Bienenstock J, et al.: Reduced anxiety-like behavior
and central neurochemical change in germ-free mice. Neurogastroenterol Motil.
2011; 23(3): 255-64, e119.

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

s Diaz Heijtz R, Wang S, Anuar F, et al.: Normal gut microbiota modulates
brain development and behavior. Proc Natl Acad Sci U S A. 2011; 108(7):
3047-52.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Heiss CN, Olofsson LE: The role of the gut microbiota in development, function
and disorders of the central nervous system and the enteric nervous system.
J Neuroendocrinol. 2019; 31(5): e12684.

PubMed Abstract | Publisher Full Text

Jasarevi¢ E, Rodgers AB, Bale TL: A novel role for maternal stress and
microbial transmission in early life programming and neurodevelopment.
Neurobiol Stress. 2015; 1: 81-8.

PubMed Abstract | Publisher Full Text | Free Full Text

Cong X, Henderson WA, Graf J, et al.: Early Life Experience and Gut
Microbiome: The Brain-Gut-Microbiota Signaling System. Adv Neonatal Care.
2015; 15(5): 314-23; quiz E1-2.

PubMed Abstract | Publisher Full Text | Free Full Text

s Kabouridis PS, Lasrado R, McCallum S, et al.: Microbiota controls the
homeostasis of glial cells in the gut lamina propria. Neuron. 2015; 85(2):
289-95.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Li Q, Han Y, Dy ABC, et al.: The Gut Microbiota and Autism Spectrum
Disorders. Front Cell Neurosci. 2017; 11: 120.

PubMed Abstract | Publisher Full Text | Free Full Text

s Hsiao EY, McBride SW, Hsien S, et al.: Microbiota modulate behavioral and
physiological abnormalities associated with neurodevelopmental disorders.
Cell. 2013; 155(7): 1451-63.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Fiorentino M, Sapone A, Senger S, et al.: Blood-brain barrier and intestinal
epithelial barrier alterations in autism spectrum disorders. Mol Autism. 2016; 7:
49.

PubMed Abstract | Publisher Full Text | Free Full Text

de Magistris L, Familiari V, Pascotto A, et al.: Alterations of the intestinal barrier
in patients with autism spectrum disorders and in their first-degree relatives.
J Pediatr Gastroenterol Nutr. 2010; 51(4): 418-24.

PubMed Abstract | Publisher Full Text

Emanuele E, Orsi P, Boso M, et al.: Low-grade endotoxemia in patients with
severe autism. Neurosci Lett. 2010; 471(3): 162-5.

PubMed Abstract | Publisher Full Text

Schafer KH, Christmann A, Gries M: Can we trust the gut? The role of the
intestine in neurodegeneration. J Physiol. 2020; 598(19): 4141-2.
PubMed Abstract | Publisher Full Text

s Niesler B, Kuerten S, Demir IE, et al.: Disorders of the enteric nervous
system - a holistic view. Nat Rev Gastroenterol Hepatol. 2021; 18(6): 393—410.
PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

Liddle RA: Parkinson’s disease from the gut. Brain Res. 2018; 1693(Pt B): 201-6.

PubMed Abstract | Publisher Full Text | Free Full Text

Toepfer M, Folwaczny C, Klauser A, et al.: Gastrointestinal dysfunction in
amyotrophic lateral sclerosis. Amyotroph Lateral Scler Other Motor Neuron
Disord. 1999; 1(1): 15-9.

PubMed Abstract | Publisher Full Text

Sergi G, De Rui M, Coin A, et al.: Weight loss and Alzheimer’s disease:
Temporal and aetiologic connections. Proc Nutr Soc. 2013; 72(1): 160-5.
PubMed Abstract | Publisher Full Text

Wakabayashi K, Takahashi H, Takeda S, et al.: Parkinson’s disease: The
presence of Lewy bodies in Auerbach’s and Meissner’s plexuses. Acta
Neuropathol. 1988; 76(3): 217-21.

PubMed Abstract | Publisher Full Text

Wakabayashi K, Takahashi H, Ohama E, et al.: Parkinson’s disease: An
immunohistochemical study of Lewy body-containing neurons in the enteric
nervous system. Acta Neuropathol. 1990; 79(6): 581-3.

PubMed Abstract | Publisher Full Text

Semar S, Klotz M, Letiembre M, et al.: Changes of the enteric nervous system
in amyloid-§ protein precursor transgenic mice correlate with disease
progression. J Alzheimers Dis. 2013; 36(1): 7-20.

PubMed Abstract | Publisher Full Text

s Kim S, Kwon SH, Kam TI, et al.: Transneuronal Propagation of Pathologic
o-Synuclein from the Gut to the Brain Models Parkinson’s Disease. Neuron.
2019; 103(4): 627-641.e7.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Giancola F, Torresan F, Repossi R, et al.: Downregulation of neuronal
vasoactive intestinal polypeptide in Parkinson’s disease and chronic

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

constipation. Neurogastroenterol Motil. 2017; 29(5): 10.1111/nmo.12995.
PubMed Abstract | Publisher Full Text | Free Full Text

Scheperjans F, Aho V, Pereira PAB, et al.: Gut microbiota are related to
Parkinson’s disease and clinical phenotype. Mov Disord. 2015; 30(3): 350-8.
PubMed Abstract | Publisher Full Text

Unger MM, Spiegel J, Dillmann KU, et al.: Short chain fatty acids and gut
microbiota differ between patients with Parkinson’s disease and age-matched
controls. Parkinsonism Relat Disord. 2016; 32: 66—72.

PubMed Abstract | Publisher Full Text

Chalazonitis A, Rao M: Enteric nervous system manifestations of
neurodegenerative disease. Brain Res. 2018; 1693(Pt B): 207-13.
PubMed Abstract | Publisher Full Text | Free Full Text

Pohl CS, Medland JE, Moeser AJ: Early-life stress origins of gastrointestinal
disease: Animal models, intestinal pathophysiology, and translational
implications. Am J Physiol Gastrointest Liver Physiol. 2015; 309(12): G927-41.
PubMed Abstract | Publisher Full Text | Free Full Text

Clarke G, O'Mahony SM, Dinan TG, et al.: Priming for health: Gut microbiota
acquired in early life regulates physiology, brain and behaviour. Acta Paediatr.
2014; 103(8): 812-9.

PubMed Abstract | Publisher Full Text

Fung C, Vanden Berghe P: Functional circuits and signal processing in the
enteric nervous system. Cell Mol Life Sci. 2020; 77(22): 4505-22.

PubMed Abstract | Publisher Full Text | Free Full Text

G Spencer NJ, Hu H: Enteric nervous system: Sensory transduction, neural
circuits and gastrointestinal motility. Nat Rev Gastroenterol Hepatol. 2020; 17(6):
338-51.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

G Schill EM, Lake JI, Tusheva OA, et al.: Ibuprofen slows migration and
inhibits bowel colonization by enteric nervous system precursors in zebrafish,
chick and mouse. Dev Biol. 2016; 409(2): 473-88.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

s Fu M, Sato Y, Lyons-Warren A, et al.: Vitamin A facilitates enteric nervous
system precursor migration by reducing Pten accumulation. Development.
2010; 137(4): 631-40.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Schneider S, Wright CM, Heuckeroth RO: Unexpected Roles for the Second
Brain: Enteric Nervous System as Master Regulator of Bowel Function. Annu
Rev Physiol. 2019; 81: 235-59.

PubMed Abstract | Publisher Full Text

Foong D, Zhou J, Zarrouk A, et al.: Understanding the Biology of Human
Interstitial Cells of Cajal in Gastrointestinal Motility. /nt J Mol Sci. 2020; 21(12):
4540.

PubMed Abstract | Publisher Full Text | Free Full Text

Memic F, Knoflach V, Morarach K, et al.: Transcription and Signaling Regulators
in Developing Neuronal Subtypes of Mouse and Human Enteric Nervous
System. Gastroenterology. 2018; 154(3): 624-36.

PubMed Abstract | Publisher Full Text | Free Full Text

G Morarach K, Mikhailova A, Knoflach V, et al.: Diversification of molecularly
defined myenteric neuron classes revealed by single-cell RNA sequencing.
Nat Neurosci. 2021; 24(1): 34—46.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

s Lasrado R, Boesmans W, Kleinjung J, et al.: Lineage-dependent spatial and
functional organization of the mammalian enteric nervous system. Science.
2017; 356(6339): 722-6.

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

Sasselli V, Boesmans W, Vanden Berghe P, et al.: Planar cell polarity genes
control the connectivity of enteric neurons. J Clin Invest. 2013; 123(4): 1763-72.
PubMed Abstract | Publisher Full Text | Free Full Text

Seguella L, Gulbransen BD: Enteric glial biology, intercellular signalling and
roles in gastrointestinal disease. Nat Rev Gastroenterol Hepatol. 2021; 18(8):
571-87.

PubMed Abstract | Publisher Full Text | Free Full Text

Boesmans W, Lasrado R, Vanden Berghe P, et al.: Heterogeneity and phenotypic
plasticity of glial cells in the mammalian enteric nervous system. Glia. 2015;
63(2): 229-41.

PubMed Abstract | Publisher Full Text

Grubisi¢ V, Gulbransen BD: Enteric glial activity regulates secretomotor
function in the mouse colon but does not acutely affect gut permeability.

J Physiol. 2017; 595(11): 3409-24.

PubMed Abstract | Publisher Full Text | Free Full Text

McClain JL, Fried DE, Gulbransen BD: Agonist-evoked Ca* signaling in enteric
glia drives neural programs that regulate intestinal motility in mice. Cell Mol
Gastroenterol Hepatol. 2015; 1(6): 631-45.

PubMed Abstract | Publisher Full Text | Free Full Text

Kabouridis PS, Lasrado R, McCallum S, et al.: The gut microbiota keeps enteric


https://facultyopinions.com/11073958
http://www.ncbi.nlm.nih.gov/pubmed/21054680
http://dx.doi.org/10.1111/j.1365-2982.2010.01620.x
https://facultyopinions.com/11073958
https://facultyopinions.com/8350956
http://www.ncbi.nlm.nih.gov/pubmed/21282636
http://dx.doi.org/10.1073/pnas.1010529108
http://www.ncbi.nlm.nih.gov/pmc/articles/3041077
https://facultyopinions.com/8350956
http://www.ncbi.nlm.nih.gov/pubmed/30614568
http://dx.doi.org/10.1111/jne.12684
http://www.ncbi.nlm.nih.gov/pubmed/25530984
http://dx.doi.org/10.1016/j.ynstr.2014.10.005
http://www.ncbi.nlm.nih.gov/pmc/articles/4267059
http://www.ncbi.nlm.nih.gov/pubmed/26240939
http://dx.doi.org/10.1097/ANC.0000000000000191
http://www.ncbi.nlm.nih.gov/pmc/articles/4583334
https://facultyopinions.com/725308787
http://www.ncbi.nlm.nih.gov/pubmed/25578362
http://dx.doi.org/10.1016/j.neuron.2014.12.037
http://www.ncbi.nlm.nih.gov/pmc/articles/4306542
https://facultyopinions.com/725308787
http://www.ncbi.nlm.nih.gov/pubmed/28503135
http://dx.doi.org/10.3389/fncel.2017.00120
http://www.ncbi.nlm.nih.gov/pmc/articles/5408485
https://facultyopinions.com/718201192
http://www.ncbi.nlm.nih.gov/pubmed/24315484
http://dx.doi.org/10.1016/j.cell.2013.11.024
http://www.ncbi.nlm.nih.gov/pmc/articles/3897394
https://facultyopinions.com/718201192
http://www.ncbi.nlm.nih.gov/pubmed/27957319
http://dx.doi.org/10.1186/s13229-016-0110-z
http://www.ncbi.nlm.nih.gov/pmc/articles/5129651
http://www.ncbi.nlm.nih.gov/pubmed/20683204
http://dx.doi.org/10.1097/MPG.0b013e3181dcc4a5
http://www.ncbi.nlm.nih.gov/pubmed/20097267
http://dx.doi.org/10.1016/j.neulet.2010.01.033
http://www.ncbi.nlm.nih.gov/pubmed/32706398
http://dx.doi.org/10.1113/JP280336
https://facultyopinions.com/739457188
http://www.ncbi.nlm.nih.gov/pubmed/33514916
http://dx.doi.org/10.1038/s41575-020-00385-2
https://facultyopinions.com/739457188
http://www.ncbi.nlm.nih.gov/pubmed/29360467
http://dx.doi.org/10.1016/j.brainres.2018.01.010
http://www.ncbi.nlm.nih.gov/pmc/articles/6003841
http://www.ncbi.nlm.nih.gov/pubmed/12365061
http://dx.doi.org/10.1080/146608299300079484
http://www.ncbi.nlm.nih.gov/pubmed/23110988
http://dx.doi.org/10.1017/S0029665112002753
http://www.ncbi.nlm.nih.gov/pubmed/2850698
http://dx.doi.org/10.1007/BF00687767
http://www.ncbi.nlm.nih.gov/pubmed/1972853
http://dx.doi.org/10.1007/BF00294234
http://www.ncbi.nlm.nih.gov/pubmed/23531500
http://dx.doi.org/10.3233/JAD-120511
https://facultyopinions.com/736045520
http://www.ncbi.nlm.nih.gov/pubmed/31255487
http://dx.doi.org/10.1016/j.neuron.2019.05.035
http://www.ncbi.nlm.nih.gov/pmc/articles/6706297
https://facultyopinions.com/736045520
http://www.ncbi.nlm.nih.gov/pubmed/27891695
http://dx.doi.org/10.1111/nmo.12995
http://www.ncbi.nlm.nih.gov/pmc/articles/5393951
http://www.ncbi.nlm.nih.gov/pubmed/25476529
http://dx.doi.org/10.1002/mds.26069
http://www.ncbi.nlm.nih.gov/pubmed/27591074
http://dx.doi.org/10.1016/j.parkreldis.2016.08.019
http://www.ncbi.nlm.nih.gov/pubmed/29360466
http://dx.doi.org/10.1016/j.brainres.2018.01.011
http://www.ncbi.nlm.nih.gov/pmc/articles/6003851
http://www.ncbi.nlm.nih.gov/pubmed/26451004
http://dx.doi.org/10.1152/ajpgi.00206.2015
http://www.ncbi.nlm.nih.gov/pmc/articles/4683303
http://www.ncbi.nlm.nih.gov/pubmed/24798884
http://dx.doi.org/10.1111/apa.12674
http://www.ncbi.nlm.nih.gov/pubmed/32424438
http://dx.doi.org/10.1007/s00018-020-03543-6
http://www.ncbi.nlm.nih.gov/pmc/articles/7599184
https://facultyopinions.com/737530976
http://www.ncbi.nlm.nih.gov/pubmed/32152479
http://dx.doi.org/10.1038/s41575-020-0271-2
http://www.ncbi.nlm.nih.gov/pmc/articles/7474470
https://facultyopinions.com/737530976
https://facultyopinions.com/726111773
http://www.ncbi.nlm.nih.gov/pubmed/26586201
http://dx.doi.org/10.1016/j.ydbio.2015.09.023
http://www.ncbi.nlm.nih.gov/pmc/articles/4862364
https://facultyopinions.com/726111773
https://facultyopinions.com/1866956
http://www.ncbi.nlm.nih.gov/pubmed/20110328
http://dx.doi.org/10.1242/dev.040550
http://www.ncbi.nlm.nih.gov/pmc/articles/2827616
https://facultyopinions.com/1866956
http://www.ncbi.nlm.nih.gov/pubmed/30379617
http://dx.doi.org/10.1146/annurev-physiol-021317-121515
http://www.ncbi.nlm.nih.gov/pubmed/32630607
http://dx.doi.org/10.3390/ijms21124540
http://www.ncbi.nlm.nih.gov/pmc/articles/7352366
http://www.ncbi.nlm.nih.gov/pubmed/29031500
http://dx.doi.org/10.1053/j.gastro.2017.10.005
http://www.ncbi.nlm.nih.gov/pmc/articles/6381388
https://facultyopinions.com/739167276
http://www.ncbi.nlm.nih.gov/pubmed/33288908
http://dx.doi.org/10.1038/s41593-020-00736-x
http://www.ncbi.nlm.nih.gov/pmc/articles/7610403
https://facultyopinions.com/739167276
https://facultyopinions.com/727625908
http://www.ncbi.nlm.nih.gov/pubmed/28522527
http://dx.doi.org/10.1126/science.aam7511
https://facultyopinions.com/727625908
http://www.ncbi.nlm.nih.gov/pubmed/23478408
http://dx.doi.org/10.1172/JCI66759
http://www.ncbi.nlm.nih.gov/pmc/articles/3613929
http://www.ncbi.nlm.nih.gov/pubmed/33731961
http://dx.doi.org/10.1038/s41575-021-00423-7
http://www.ncbi.nlm.nih.gov/pmc/articles/8324524
http://www.ncbi.nlm.nih.gov/pubmed/25161129
http://dx.doi.org/10.1002/glia.22746
http://www.ncbi.nlm.nih.gov/pubmed/28066889
http://dx.doi.org/10.1113/JP273492
http://www.ncbi.nlm.nih.gov/pmc/articles/5451715
http://www.ncbi.nlm.nih.gov/pubmed/26693173
http://dx.doi.org/10.1016/j.jcmgh.2015.08.004
http://www.ncbi.nlm.nih.gov/pmc/articles/4673674

% Faculty Opinions

Faculty Reviews 2022 11:(7)

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

glial cells on the move; prospective roles of the gut epithelium and immune
system. Gut Microbes. 2015; 6(6): 398—403.
PubMed Abstract | Publisher Full Text | Free Full Text

Neunlist M, van Landeghem L, Mahé MM, et al.: The digestive neuronal-glial-
epithelial unit: A new actor in gut health and disease. Nat Rev Gastroenterol
Hepatol. 2013; 10(2): 90-100.

PubMed Abstract | Publisher Full Text

Neunlist M, Aubert P, Bonnaud S, et al.: Enteric glia inhibit intestinal epithelial
cell proliferation partly through a TGF-beta1-dependent pathway. Am J Physiol
Gastrointest Liver Physiol. 2007; 292(1): G231-41.

PubMed Abstract | Publisher Full Text

Bach-Ngohou K, Mahé MM, Aubert P, et al.: Enteric glia modulate epithelial cell
proliferation and differentiation through 15-deoxy-12,14-prostaglandin J2.

J Physiol. 2010; 588(Pt 14): 2533—-44.

PubMed Abstract | Publisher Full Text | Free Full Text

Cornet A, Savidge TC, Cabarrocas J, et al.: Enterocolitis induced by autoimmune
targeting of enteric glial cells: A possible mechanism in Crohn’s disease?
Proc Natl Acad Sci U S A. 2001; 98(23): 13306—-11.

PubMed Abstract | Publisher Full Text | Free Full Text

Savidge TC, Newman P, Pothoulakis C, et al.: Enteric glia regulate intestinal
barrier function and infl 1 via release of S-nitr
Gastroenterology. 2007; 132(4): 1344-58.

PubMed Abstract | Publisher Full Text

Grubisi¢ V, Gulbransen BD: Enteric glia: The most alimentary of all glia.

J Physiol. 2017; 595(2): 557-70.

PubMed Abstract | Publisher Full Text | Free Full Text

Langness S, Kojima M, Coimbra R, et al.: Enteric glia cells are critical to limiting
the intestinal inflammatory response after injury. Am J Physiol Gastrointest Liver
Physiol. 2017; 312(3): G274-G282.

PubMed Abstract | Publisher Full Text

Chow AK, Grubisi¢ V, Gulbransen BD: Enteric Glia Regulate Lymphocyte
Activation via Autophagy-Mediated MHC-Il Expression. Cell Mol Gastroenterol
Hepatol. 2021; 12(4): 1215-37.

PubMed Abstract | Publisher Full Text | Free Full Text

do Carmo Neto JR, Braga YLL, da Costa AWF, et al.: Biomarkers and Their
Possible Functions in the Intestinal Microenvironment of Chagasic
Megacolon: An Overview of the (Neuro)inflammatory Process. J Immunol Res.
2021; 2021: 6668739.

PubMed Abstract | Publisher Full Text | Free Full Text

G Rao M, Rastelli D, Dong L, et al.: Enteric Glia Regulate Gastrointestinal
Motility but Are Not Required for Maintenance of the Epithelium in Mice.
Gastroenterology. 2017; 153(4): 1068—-1081.e7.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Delvalle NM, Fried DE, Rivera-Lopez G, et al.: Cholinergic activation of enteric
glia is a physiological mechanism that contributes to the regulation of
gastrointestinal motility. Am J Physiol Gastrointest Liver Physiol. 2018; 315(4):
G473-G483.

PubMed Abstract | Publisher Full Text | Free Full Text

Iutathi

1ione.

s Boesmans W, Hao MM, Fung C, et al.: Structurally defined signaling in
neuro-glia units in the enteric nervous system. Glia. 2019; 67(6): 1167-78.
PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Grubisi¢ V, Parpura V: Two modes of enteric gliotransmission differentially
affect gut physiology. Glia. 2017; 65(5): 699-711.

PubMed Abstract | Publisher Full Text | Free Full Text

Grubisi¢ V, McClain JL, Fried DE, et al.: Enteric Glia Modulate Macrophage
Phenotype and Visceral Sensitivity following Inflammation. Cell Rep. 2020;
32(10): 108100.

PubMed Abstract | Publisher Full Text | Free Full Text

Stoffels B, Hupa KJ, Snoek SA, et al.: Postoperative ileus involves interleukin-1
receptor signaling in enteric glia. Gastroenterology. 2014; 146(1): 176-87.e1.
PubMed Abstract | Publisher Full Text

Lépez-Gomez L, Szymaszkiewicz A, Zielinska M, et al.: Nutraceuticals and Enteric
Glial Cells. Molecules. 2021; 26(12): 3762.

PubMed Abstract | Publisher Full Text | Free Full Text

Puzan M, Hosic S, Ghio C, et al.: Enteric Nervous System Regulation of
Intestinal Stem Cell Differentiation and Epithelial Monolayer Function. Sci Rep.
2018; 8(1): 6313.

PubMed Abstract | Publisher Full Text | Free Full Text

s Bohdrquez DV, Shahid RA, Erdmann A, et al.: Neuroepithelial circuit formed
by innervation of sensory enteroendocrine cells. J Clin Invest. 2015; 125(2):
782-6.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

s Bohérquez DV, Samsa LA, Roholt A, et al.: An enteroendocrine cell-enteric
glia connection revealed by 3D electron microscopy. PLoS One. 2014; 9(2):
€89881.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

100. Vergnolle N, Cirillo C: Neurons and Glia in the Enteric Nervous System and

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Epithelial Barrier Function. Physiology (Bethesda). 2018; 33(4): 269-80.
PubMed Abstract | Publisher Full Text | Free Full Text

Jarret A, Jackson R, Duizer C, et al.: Enteric Nervous System-Derived IL-18
Orchestrates Mucosal Barrier Immunity. Cell. 2020; 180(1): 50-63.e12.
PubMed Abstract | Publisher Full Text | Free Full Text

Bertrand PP, Kunze WA, Bornstein JC, et al.: Analysis of the responses of
myenteric neurons in the small intestine to chemical stimulation of the
mucosa. Am J Physiol. 1997; 273(2 Pt 1): G422-35.

PubMed Abstract | Publisher Full Text

Furness JB: The enteric nervous system and neurogastroenterology. Nat Rev
Gastroenterol Hepatol. 2012; 9(5): 286-94.
PubMed Abstract | Publisher Full Text

Gershon MD, Tack J: The serotonin signaling system: From basic
understanding to drug development for functional Gl disorders.
Gastroenterology. 2007; 132(1): 397-414.

PubMed Abstract | Publisher Full Text

Schubert ML, Peura DA: Control of gastric acid secretion in health and disease.
Gastroenterology. 2008; 134(7): 1842-60.
PubMed Abstract | Publisher Full Text

Verheijden S, Boeckxstaens GE: Neuroimmune interaction and the regulation of
intestinal immune homeostasis. Am J Physiol Gastrointest Liver Physiol. 2018;
314(1): G75-G80.

PubMed Abstract | Publisher Full Text

Viola MF, Boeckxstaens G: Intestinal resident macrophages: Multitaskers of the
gut. Neurogastroenterol Motil. 2020; 32(8): e13843.

PubMed Abstract | Publisher Full Text | Free Full Text

Kalff JC, Schraut WH, Billiar TR, et al.: Role of inducible nitric oxide synthase
in postoperative intestinal smooth muscle dysfunction in rodents.
Gastroenterology. 2000; 118(2): 316-27.

PubMed Abstract | Publisher Full Text

Kalff JC, Turler A, Schwarz NT, et al.: Intra-abdominal activation of a local
inflammatory response within the human muscularis externa during
laparotomy. Ann Surg. 2003; 237(3): 301-15.

PubMed Abstract | Publisher Full Text | Free Full Text

Wehner S, Behrendt FF, Lyutenski BN, et al.: Inhibition of macrophage function
prevents intestinal inflammation and postoperative ileus in rodents. Gut. 2007;
56(2): 176-85.

PubMed Abstract | Publisher Full Text | Free Full Text

Matteoli G, Gomez-Pinilla PJ, Nemethova A, et al.: A distinct vagal anti-
inflammatory p: y modulates ir inal muscularis resident macrophages
independent of the spleen. Gut. 2014; 63(9): 938-48.

PubMed Abstract | Publisher Full Text

Cailotto C, Gomez-Pinilla PJ, Costes LM, et al.: Neuro-anatomical evidence
indicating indirect modulation of macrophages by vagal efferents in the
intestine but not in the spleen. PLoS One. 2014; 9(1): e87785.

PubMed Abstract | Publisher Full Text | Free Full Text

s Muller PA, Koscsé B, Rajani GM, et al.: Crosstalk between muscularis
macrophages and enteric neurons regulates gastrointestinal motility. Cell.
2014; 158(2): 300-13.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Gabanyi I, Muller PA, Feighery L, et al.: Neuro-immune Interactions Drive Tissue
Programming in Intestinal Macrophages. Cell. 2016; 164(3): 378-91.
PubMed Abstract | Publisher Full Text | Free Full Text

G de Jonge WJ, van der Zanden EP, The FO, et al.: Stimulation of the vagus
nerve attenuates macrophage activation by activating the Jak2-STAT3
signaling pathway. Nat Immunol. 2005; 6(8): 844-51.

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

G Dora D, Ferenczi S, Stavely R, et al.: Evidence of a Myenteric Plexus

Barrier and Its Macrophage-Dependent Degradation During Murine Colitis:
Implications in Enteric Neuroinflammation. Cell Mol Gastroenterol Hepatol. 2021;
12(5): 1617-41.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Kioussis D, Pachnis V: Immune and nervous systems: More than just a
superficial similarity. /mmunity. 2009; 31(5): 705-10.

PubMed Abstract | Publisher Full Text

Chiocchetti R, Mazzuoli G, Albanese V, et al.: Anatomical evidence for ileal
Peyer’s patches innervation by enteric nervous system: A potential route for
prion neuroinvasion. Cell Tissue Res. 2008; 332(2): 185-94.

PubMed Abstract | Publisher Full Text

Vulchanova L, Casey MA, Crabb GW, et al.: Anatomical evidence for enteric
neuroimmune interactions in Peyer’s patches. J Neuroimmunol. 2007; 185(1-2):
64-74.

PubMed Abstract | Publisher Full Text | Free Full Text

G Yan Y, Ramanan D, Rozenberg M, et al.: Interleukin-6 produced by enteric
neurons regulates the number and phenotype of microbe-responsive
regulatory T cells in the gut. /mmunity. 2021; 54(3): 499-513.e5.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation


http://www.ncbi.nlm.nih.gov/pubmed/26558327
http://dx.doi.org/10.1080/19490976.2015.1109767
http://www.ncbi.nlm.nih.gov/pmc/articles/4826126
http://www.ncbi.nlm.nih.gov/pubmed/23165236
http://dx.doi.org/10.1038/nrgastro.2012.221
http://www.ncbi.nlm.nih.gov/pubmed/16423922
http://dx.doi.org/10.1152/ajpgi.00276.2005
http://www.ncbi.nlm.nih.gov/pubmed/20478974
http://dx.doi.org/10.1113/jphysiol.2010.188409
http://www.ncbi.nlm.nih.gov/pmc/articles/2916986
http://www.ncbi.nlm.nih.gov/pubmed/11687633
http://dx.doi.org/10.1073/pnas.231474098
http://www.ncbi.nlm.nih.gov/pmc/articles/60866
http://www.ncbi.nlm.nih.gov/pubmed/17408650
http://dx.doi.org/10.1053/j.gastro.2007.01.051
http://www.ncbi.nlm.nih.gov/pubmed/27106597
http://dx.doi.org/10.1113/JP271021
http://www.ncbi.nlm.nih.gov/pmc/articles/5233670
http://www.ncbi.nlm.nih.gov/pubmed/28082286
http://dx.doi.org/10.1152/ajpgi.00371.2016
http://www.ncbi.nlm.nih.gov/pubmed/34166814
http://dx.doi.org/10.1016/j.jcmgh.2021.06.008
http://www.ncbi.nlm.nih.gov/pmc/articles/8449089
http://www.ncbi.nlm.nih.gov/pubmed/33928170
http://dx.doi.org/10.1155/2021/6668739
http://www.ncbi.nlm.nih.gov/pmc/articles/8049798
https://facultyopinions.com/727812665
http://www.ncbi.nlm.nih.gov/pubmed/28711628
http://dx.doi.org/10.1053/j.gastro.2017.07.002
http://www.ncbi.nlm.nih.gov/pmc/articles/5623141
https://facultyopinions.com/727812665
http://www.ncbi.nlm.nih.gov/pubmed/29927320
http://dx.doi.org/10.1152/ajpgi.00155.2018
http://www.ncbi.nlm.nih.gov/pmc/articles/6230698
https://facultyopinions.com/735034775
http://www.ncbi.nlm.nih.gov/pubmed/30730592
http://dx.doi.org/10.1002/glia.23596
http://www.ncbi.nlm.nih.gov/pmc/articles/6593736
https://facultyopinions.com/735034775
http://www.ncbi.nlm.nih.gov/pubmed/28168732
http://dx.doi.org/10.1002/glia.23121
http://www.ncbi.nlm.nih.gov/pmc/articles/5357187
http://www.ncbi.nlm.nih.gov/pubmed/32905782
http://dx.doi.org/10.1016/j.celrep.2020.108100
http://www.ncbi.nlm.nih.gov/pmc/articles/7518300
http://www.ncbi.nlm.nih.gov/pubmed/24067878
http://dx.doi.org/10.1053/j.gastro.2013.09.030
http://www.ncbi.nlm.nih.gov/pubmed/34205534
http://dx.doi.org/10.3390/molecules26123762
http://www.ncbi.nlm.nih.gov/pmc/articles/8234579
http://www.ncbi.nlm.nih.gov/pubmed/29679034
http://dx.doi.org/10.1038/s41598-018-24768-3
http://www.ncbi.nlm.nih.gov/pmc/articles/5910425
https://facultyopinions.com/725296577
http://www.ncbi.nlm.nih.gov/pubmed/25555217
http://dx.doi.org/10.1172/JCI78361
http://www.ncbi.nlm.nih.gov/pmc/articles/4319442
https://facultyopinions.com/725296577
https://facultyopinions.com/718294288
http://www.ncbi.nlm.nih.gov/pubmed/24587096
http://dx.doi.org/10.1371/journal.pone.0089881
http://www.ncbi.nlm.nih.gov/pmc/articles/3935946
https://facultyopinions.com/718294288
http://www.ncbi.nlm.nih.gov/pubmed/29897300
http://dx.doi.org/10.1152/physiol.00009.2018
http://www.ncbi.nlm.nih.gov/pmc/articles/6088142
http://www.ncbi.nlm.nih.gov/pubmed/31923399
http://dx.doi.org/10.1016/j.cell.2019.12.016
http://www.ncbi.nlm.nih.gov/pmc/articles/7339937
http://www.ncbi.nlm.nih.gov/pubmed/9277422
http://dx.doi.org/10.1152/ajpgi.1997.273.2.G422
http://www.ncbi.nlm.nih.gov/pubmed/22392290
http://dx.doi.org/10.1038/nrgastro.2012.32
http://www.ncbi.nlm.nih.gov/pubmed/17241888
http://dx.doi.org/10.1053/j.gastro.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18474247
http://dx.doi.org/10.1053/j.gastro.2008.05.021
http://www.ncbi.nlm.nih.gov/pubmed/28912251
http://dx.doi.org/10.1152/ajpgi.00425.2016
http://www.ncbi.nlm.nih.gov/pubmed/32222060
http://dx.doi.org/10.1111/nmo.13843
http://www.ncbi.nlm.nih.gov/pmc/articles/7757264
http://www.ncbi.nlm.nih.gov/pubmed/10648460
http://dx.doi.org/10.1016/s0016-5085(00)70214-9
http://www.ncbi.nlm.nih.gov/pubmed/12616113
http://dx.doi.org/10.1097/01.SLA.0000055742.79045.7E
http://www.ncbi.nlm.nih.gov/pmc/articles/1514322
http://www.ncbi.nlm.nih.gov/pubmed/16809419
http://dx.doi.org/10.1136/gut.2005.089615
http://www.ncbi.nlm.nih.gov/pmc/articles/1856749
http://www.ncbi.nlm.nih.gov/pubmed/23929694
http://dx.doi.org/10.1136/gutjnl-2013-304676
http://www.ncbi.nlm.nih.gov/pubmed/24489965
http://dx.doi.org/10.1371/journal.pone.0087785
http://www.ncbi.nlm.nih.gov/pmc/articles/3906221
https://facultyopinions.com/718496382
http://www.ncbi.nlm.nih.gov/pubmed/25036630
http://dx.doi.org/10.1016/j.cell.2014.04.050
http://www.ncbi.nlm.nih.gov/pmc/articles/4149228
https://facultyopinions.com/718496382
http://www.ncbi.nlm.nih.gov/pubmed/26777404
http://dx.doi.org/10.1016/j.cell.2015.12.023
http://www.ncbi.nlm.nih.gov/pmc/articles/4733406
https://facultyopinions.com/1027922
http://www.ncbi.nlm.nih.gov/pubmed/16025117
http://dx.doi.org/10.1038/ni1229
https://facultyopinions.com/1027922
https://facultyopinions.com/740464732
http://www.ncbi.nlm.nih.gov/pubmed/34246810
http://dx.doi.org/10.1016/j.jcmgh.2021.07.003
http://www.ncbi.nlm.nih.gov/pmc/articles/8551790
https://facultyopinions.com/740464732
http://www.ncbi.nlm.nih.gov/pubmed/19836266
http://dx.doi.org/10.1016/j.immuni.2009.09.009
http://www.ncbi.nlm.nih.gov/pubmed/18317812
http://dx.doi.org/10.1007/s00441-008-0583-y
http://www.ncbi.nlm.nih.gov/pubmed/17363074
http://dx.doi.org/10.1016/j.jneuroim.2007.01.014
http://www.ncbi.nlm.nih.gov/pmc/articles/1913558
https://facultyopinions.com/739712353
http://www.ncbi.nlm.nih.gov/pubmed/33691135
http://dx.doi.org/10.1016/j.immuni.2021.02.002
http://www.ncbi.nlm.nih.gov/pmc/articles/8133394
https://facultyopinions.com/739712353

% Faculty Opinions

Faculty Reviews 2022 11:(7)

121. Holland AM, Bon-Frauches AC, Keszthelyi D, et al.: The enteric nervous system 124. Maiuolo J, Gliozzi M, Musolino V, et al.: The Contribution of Gut Microbiota-Brain
in gastrointestinal disease etiology. Cell Mol Life Sci. 2021; 78(10): 4713-33. Axis in the Development of Brain Disorders. Front Neurosci. 2021; 15: 616883.
PubMed Abstract | Publisher Full Text | Free Full Text PubMed Abstract | Publisher Full Text | Free Full Text

122. Burns AJ, Thapar N: Neural stem cell therapies for enteric nervous system 125. Khlevner J, Park Y, Margolis KG: Brain-Gut Axis: Clinical Implications.
disorders. Nat Rev Gastroenterol Hepatol. 2014; 11(1): 317-28. Gastroenterol Clin North Am. 2018; 47(4): 727-39.

PubMed Abstract | Publisher Full Text PubMed Abstract | Publisher Full Text | Free Full Text

123. McCann CJ, Cooper JE, Natarajan D, et al.: Transplantation of enteric nervous 126. Fleming MA, Ehsan L, Moore SR, et al.: The Enteric Nervous System and Its
system stem cells rescues nitric oxide synthase deficient mouse colon. Emerging Role as a Therapeutic Target. Gastroenterol Res Pract. 2020; 2020:
Nat Commun. 2017; 8: 15937. 8024171.

PubMed Abstract | Publisher Full Text | Free Full Text PubMed Abstract | Publisher Full Text | Free Full Text


http://www.ncbi.nlm.nih.gov/pubmed/33770200
http://dx.doi.org/10.1007/s00018-021-03812-y
http://www.ncbi.nlm.nih.gov/pmc/articles/8195951
http://www.ncbi.nlm.nih.gov/pubmed/24322895
http://dx.doi.org/10.1038/nrgastro.2013.226
http://www.ncbi.nlm.nih.gov/pubmed/28671186
http://dx.doi.org/10.1038/ncomms15937
http://www.ncbi.nlm.nih.gov/pmc/articles/5500880
http://www.ncbi.nlm.nih.gov/pubmed/33833660
http://dx.doi.org/10.3389/fnins.2021.616883
http://www.ncbi.nlm.nih.gov/pmc/articles/8021727
http://www.ncbi.nlm.nih.gov/pubmed/30337029
http://dx.doi.org/10.1016/j.gtc.2018.07.002
http://www.ncbi.nlm.nih.gov/pmc/articles/6829582
http://www.ncbi.nlm.nih.gov/pubmed/32963521
http://dx.doi.org/10.1155/2020/8024171
http://www.ncbi.nlm.nih.gov/pmc/articles/7495222

	11-7_Thapar_Front.pdf
	11-7_Thapar.pdf



