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Neurons and Glia in the Enteric Nervous
System and Epithelial Barrier Function

The intestinal epithelial barrier is the largest exchange surface between the

; doi:10.1152/physiol.00009.2018

Nathalie Vergnolle'? and

Carla Cirillo™3

1IRSD, Université de Toulouse, INSERM, INRA, ENVT, UPS,

Toulouse, France; 2Department of Physiology and

Pharmacology, Faculty of Medicine, University of Calgary,
Calgary, Alberta, Canada; and 3Laboratory for Enteric

Neuroscience, TARGID, University of Leuven, Leuven, Belgium

body and the external environment. Its functions are regulated by luminal, and

also internal, components including the enteric nervous system. This review

summarizes current knowledge about the role of the digestive “neuronal-glial-

epithelial unit” on epithelial barrier function.

Introduction

To ensure its function in food digestion and nutri-
ent absorption, the intestine has the difficult task
to selectively import millions of molecules from
the outside to the inside of the body, and to avoid,
at the same time, invasion from pathogens or im-
mune-reactive motives. From the lumen to the
inner tissues, this semi-permeable barrier function
has four major components: 1) the microbial bio-
films, 2) the mucus layer, 3) the epithelial mono-
layer, and 4) the immune system (FIGURE 1). This
review will focus on one of those components—the
intestinal epithelial layer—and will discuss how
this component of mucosal barrier is regulated by
two cellular actors of the enteric nervous system:
the neurons and the glia.

Studying the control of epithelial barrier func-
tion has been revealed to be of particular interest
in pathological contexts such as inflammatory
bowel diseases, irritable bowel syndrome, infec-
tion, food intolerance, or celiac disease (35). In all
of these conditions, epithelial barrier function is
affected, and enteric neurons and glia have been
shown to play their part in such pathologies. Our
understanding of the control of epithelial barrier
function by neurons and glia would provide strat-
egies to restore mucosal homeostasis.

Epithelial Barrier Control

The intestinal epithelium is composed of a mono-
layer of epithelial cells organized by a succession of
finger-like protrusions called villi and invagina-
tions called crypts. Although the villi in the small
intestine provide an efficient surface for nutrient
absorption, crypts create a protected niche for
stem cells to constantly replace the epithelium all
along the intestinal tract (47). The epithelium is
composed of different specialized cell types: undif-
ferentiated stem cells and progenitors, differenti-
ated goblet cells, neuroendocrine cells, Paneth
cells, Tuft cells, and enterocytes. In addition to all
these epithelial subtypes, microfold (M) cells are
specialized epithelial cells of the follicle-associated

epithelium. In the intestine, all these cell types are
organized in monolayers, forming both a physical
and a chemical barrier (46).

Intestinal epithelial cell layers exert their barrier
function through two major mechanisms, which
could be considered somehow opposite, but which
are indeed complementary. First, the epithelium
prevents physical contacts between luminal con-
tent and the inner of the body, and in particular
with immune cells. This physical barrier includes
several components, which will be discussed below
(FIGURE 1). Second, the epithelium allows the pas-
sage of some molecules in order for them to be
presented to the immune system, which then de-
cides to organize an immune barrier fighting off
foreign antigens and microbial threats or to toler-
ate some of them. For both the physical barrier and
the “sampling” exerted by intestinal epithelium,
these mechanisms are remarkably controlled.

The physical barrier organized by the intesti-
nal epithelium is achieved by a sophisticated
organization, establishing a tightly regulated
fence (FIGURE 1). First, the physical barrier is
constituted by monolayered columnar cells con-
nected with each other by intercellular junctions.
These junctions include apical tight junction (TJ)
molecules, subjacent adherens junctions, and des-
mosomes. The TJ form pores between epithelial
cells, thereby controlling paracellular passage of
molecules. The expression, organization, and func-
tion of junction molecules are regulated spatio-
temporally and are altered by inflammatory
insults. TJ proteins are issued from four different
families of transmembrane proteins, including oc-
cludin, claudins, tricellulin, and the junctional ad-
hesion molecules JAM). The intracellular tail of TJ
connects with cytosolic scaffold proteins such as
the zonula occludens (ZO) protein family. A close
interaction of all these proteins with a peri-junc-
tional ring of myosin light chain (MLC) exists, and
phosphorylation of this ring by MLC-kinase
(MLCK) induces a contraction of the actin-myo-
sin cytoskeleton that leads to TJ opening and
paracellular leakage across epithelial monolayer.
Transcellular passage across the epithelial cell is
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Components of barrier function /

Biofilm Barrier

Mucus Barrier

also tightly controlled, interplaying with paracel-
lular transports (51). Second, specialized epithe-
lial cells secrete factors that take an active part in
barrier function. For instance, Paneth cells, and
also Goblet cells, secrete antimicrobial mole-
cules, which actively participate to form an anti-
microbial barrier. Goblet cells are professional
producers of mucins, which are secreted at the
luminal surface, where they form a thick mucus
layer preventing direct contact between luminal
microbiota and epithelial cells.

The controlled passage of some antigens and their
delivery to the immune system is ensured by differ-
ent cell types present in the intestinal epithelial
monolayer (FIGURE 1). M cells are differentiated ep-
ithelial cells present in the follicle-associated epi-
thelium, and sometimes in the villous epithelium
(54). Antigens introduced by M cells progress by
transcytosis. M cells use pinocytosis, macropinocy-
tosis, and receptor-mediated endocytosis to allow
the passage of luminal antigens (54, 72). The type
of antigens that are crossing through M cells
ranges from small soluble particles to whole

bacteria. M cells then deliver those antigens to
dendritic cells and further to underneath lymphoid
tissues, thereby supporting the production of
immunoglobulin A. In vivo two-photon imaging
has demonstrated that small antigenic proteins
can enter Goblet cells and are transported to be
presented to underneath dendritic cells of the lam-
ina propria (72). This phenomenon, called Goblet-
cell-associated antigen passages (GAPs), seems to
be restricted to small molecules (not larger than 70
kDa) and serves peripheral tolerance. Finally, den-
dritic cells penetrate the epithelium with their den-
drites to sample the molecules present in the
lumen: this is recognized as the trans-epithelial
dendrite (TED) pathway (87). By forming TEDs,
dendritic cells are able to grab pathogens and con-
tain them within the superficial mucosa, quickly
initiating an inflammatory response that avoids
barrier breaching. Through these different trans-
port pathways present in the epithelium, luminal
antigens are provided to dendritic cells and overall
to the immune system, which then organizes
appropriate handling of these motifs (tolerance or
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FIGURE 1. Schematic representation of the epithelial barrier in the Gl tract
Components of the intestinal barrier (left) and specitically the epithelial control of barrier function (right). The epithelial monolayer is composed of
different cell types (represented here are Goblet cells, Paneth cells, and M cells), which exert barrier function either by preventing physical contact
or by allowing selective passage of molecules. The physical barrier organized by the epithelium is composed of the tight-junction molecules (1), the
secretion of antimicrobial peptides (AMPs; 2), the secretion of mucins (3), the secretion of chemokines that alert the immune barrier (4), cell turn-
over (equilibrium between shedding and proliferation; 5). Selective passage of antigens is ensured through M-cell transcytosis (6), Goblet cell anti-
gen passages (GAP; 7), and transepithelial dendrite (TEDs) (8) pathways.
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elimination), therefore participating in intestinal
barrier homeostasis (61).

Epithelial barrier integrity is obviously chal-
lenged by inflammatory insults or infection, but it
is also challenged by the high cell turnover rate and
the cellular composition of the epithelium. Equi-
librium between apoptosis and shedding of senes-
cent epithelial cells and the generation of new
epithelial cells at the basis of the crypt is funda-
mental to maintaining epithelial barrier integrity
and homeostasis (FIGURE 1).

This review aims to summarize current knowl-
edge about the control by neurons and glial cells of
epithelial barrier integrity in all the aspects described
above: the intercellular junctions, epithelial secretion
of mucus and antimicrobial peptides, transport and
presentation of antigens by epithelial components,
and epithelial cell turnover (FIGURE 1). We will re-
view the significance of neuronal and glial cell input
in pathologies, and the future directions this field of
research might take.

Neurons, Glia and Their Impact on
Epithelial Barrier Function

The Enteric Nervous System

The gastrointestinal tract is innervated by a complex
network of ganglia, named the enteric nervous sys-
tem (ENS) (41) and constituted by neurons and glial
cells bundled together, forming two main plexi, the
submucosal (or Meissner’s) and the myenteric (or
Auerbach’s) (41, 63). To accomplish the ENS task of
controlling motor, sensory, absorptive, and secretory
functions, neurons and glial cells tightly communi-
cate with each other and with the other cells present
in the gastrointestinal wall through paracrine and
autocrine ways (64, 105, 113) (6, 9, 45, 50, 110). In the
ENS, glial cells outnumber neurons, like astrocytes in
the central nervous system, and the ratio of neurons
to glia in the submucosal and myenteric plexus varies
from 1:4 to 1:10, with an average of 1:7 (33, 52, 91). In
this review, we will focus on the submucosal plexus,
since it lays close to epithelial cells and directly re-
ceives and sends messages from and to the
epithelium.

Enteric Neurons: The Master Regulators of
Epithelial Barrier Function

Neuro-epithelial anatomy. The ENS regulates
various mucosal functions independently of cen-
tral inputs. In this context, neurons in the submu-
cosal plexus, rather than myenteric ones, are key
controllers of the epithelium. In humans, the
submucosal plexus is organized in three layers
starting from the mucosa: the Meissner’s, the
intermediary, and the Henle layers. These layers
are not identifiable in small laboratory animals
(98). The submucosal plexus comprises intrinsic
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primary afferent and effector neurons, which
control mucosal functions, blood flow, and im-
mune cell migration (4, 42). There are two key
types of secretomotor neurons in the submuco-
sal plexus: cholinergic neurons, immunoreactive
for neuropeptide Y (NPY), and non-cholinergic
neurons, immunoreactive for vasoactive intesti-
nal peptide (VIP) (24, 58, 59). The neurochemical
coding in the submucosal plexus allowed also
the tracing of neurons projecting to the epithe-
lium. The first functional demonstration of this
innervation came by tracing choline acetyl trans-
ferase (ChAT) and VIP neuronal pathways in the
guinea pig proximal colon (76). Descending neu-
rons are VIP-positive and they predominantly in-
nervate the mucosa, whereas ascending neurons
are primarily ChA-positive. Both circuits are in-
volved in neurally mediated ion secretion, through
the release of acetylcholine (ascending) and VIP
(descending), two potent secretagogues acting in-
dividually or sinergystically, potentiating secretion
in epithelial cells. Actually, VIP signaling within the
gut is more complex than simply linked to ChAT-
positive neurons. It indeed implies the activation
of alpha2-adrenoreceptors (81), and serotonergic
and somatostatin receptors (39), whose expression
and function on VIP-positive neurons has been
demonstrated by pharmacological assays and bio-
chemical techniques.

The strong innervation of the mucosa and the
close anatomical relationship between enteric neu-
rons and epithelial cells suggest active interplays of
this neuro-epithelial unit. A large part of the neuro-
epithelial interactions thus has consequences on
epithelial barrier integrity (see Table 1 for the ef-
fects of neuromediators on barrier function). This
has been particularly studied in the context of in-
flammation or infection-related epithelial distress
(FIGURE 2).

In vivo evidences in infectious or inflammatory
context. The fine interplay between neurons and
epithelial cells has been highlighted in animal
models of gut infection, which have helped also in
understanding what happens to the neuro-(im-
mune-)epithelial unit in post-infectious gut disor-
ders. Trichinella spiralis infection has been a good
model (36) to study this unit. Studies have shown
that the low-grade inflammation established after
infection, causes a remodeling of the neuro-epithelial
compartment, with secondary and long-lasting
effects on barrier function. The ENS regulates fluid
and electrolyte secretion during infection-evoked di-
arrhea in mice, and the involvement of a neuronal
component was demonstrated using Tetrodotoxin
(TTX), lidocaine (an L-type calcium channel
blocker), or hexamethonium (an inhibitor of syn-
aptic transmission that blocks nicotinic receptor)
(69). Upregulation of NPY has been described in
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Table 1. List of neuronal mediators affecting epithelial barrier function

Neuronal Mediator Effect on Barrier Function Mechanism References

VIP Preserve mucosal integrity a2-Adrenoreceptors, 5-HT receptor, IL-18, 30, 34, 39, 74,
Potentiate secretion somatostatin receptors, TJ proteins, 76,78, 81, 99,
Decrease intestinal ERK1/2, p38MAP kinase, EPSP 100
permeability
IL-8 production
Promote epithelial cell
proliferation

ACh Potentiate secretion CRF-R2 43, 76, 83
Increase epithelial
permeability

? Promote epithelial cell ? 68
proliferation

NPY Increase epithelial PI3K, TJ proteins 15, 16
permeability

? Increase epithelial Slow synaptic transmission 53

permeability

VIP, vasoactive intestinal peptide; Ach, acetylcholine, NPY, neuropeptide Y; 5-HT, serotonin; TJ, tight junction; EPSP, excitatory postsynaptic
potentials; CRF-R2, corticotrophin-releasing factor receptor 2; PI3K, phosphatidylinositol-3-kinase; ?, unknown.

murine models of colitis: knockout mice for neu-
ropeptide Y (NPY) developed less severe colitis and
had improved barrier function (15, 16). Lomax et
al. described submucosal plexus abnormalities
during colitis in guinea pigs (67). Interestingly,
Hons et al. reported that, in a model of colitis,
slow synaptic transmission was altered in the
ileum distant from the site of inflammation. This
had consequences on neuron-mediated secre-
tions in the ileum and, therefore, potentially on
maintaining epithelial barrier function. How-
ever, the density of VIP-positive neurons was
unchanged in the ileum (53).

Effects on tight junctions. Direct evidence of the
influence of VIPergic pathway on barrier function
was obtained in coculture methods of epithelial
cell lines exposed to human VIP-positive submu-
cosal neurons, which were electrically stimulated
(78). In that study, activation of submucosal neu-
rons resulted in a reduction of macromolecule fluxes
across epithelial monolayers, associated with a tran-
scriptional downregulation of zonula occludens-1
(ZO-1) mRNA. The effects of submucosal neurons on
epithelial monolayers were blocked by a VIP receptor
antagonist, pointing to a direct role of VIP on ZO-1
tight-junction expression.

In vitro, exogenous application of NPY to cultured
intestinal epithelial cells increased epithelial perme-
ability through phosphatidyl-inositol-3-kinase-in-
duced claudin-2 upregulation. Indeed, claudin-2 is a
tight-junction protein known for inducing increased
permeability when upregulated (15, 16).

Effects on epithelial cell secretions. VIP is also
known for its effect on other components of the
barrier function. It induces the expression of the Tre-
foil factor-3 (TFF3), a peptide involved in the
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stabilization of the intestinal mucus layer (74). It
stimulates mucus output and induces fluid move-
ments (electrolyte transports) in vivo in perfused
rat colon (34). It induces the production and re-
lease of interleukin-8, a chemokine produced by
intestinal epithelial cells and responsible for the
attraction of immune cells (100). This study ex-
tended the role of VIP from a key regulator of
mucosal functions to the regulation of immune cell
response, thereby contributing to the immune sur-
veillance of intestinal epithelial barrier (100).

Effects on epithelial cell turnover. Other studies
have demonstrated that submucosal neuron acti-
vation regulated epithelial cell proliferation in a
VIP-dependent manner, pointing to a key role for
submucosal neurons in epithelial cell renewal and
thereby in the efficacy of barrier function (99). This
idea is supported by other studies that have shown
that neurons and neuromodulators are essential
for the renewal and migration of epithelial cells
(68). Stimulation with capsaicin of afferent nerves
innervating the mouse gut mucosa showed that
cell renewal in the epithelium was boosted. In-
terestingly, the cell renewal was exclusively lo-
calized in the crypts. This finding confirmed very
early studies targeting the myenteric plexus (60,
93) that pointed out the nervous control of in-
testinal stem cells. Although VIP appears as one
of the mediators of neuronal effects on stem
cells, other neuromediators might also exert
their influence on intestinal stem cell biology
and would have to be uncovered.

Enteric neurons, epithelium and stress. In
2006, Gareau et al. (43) wondered whether stress-
induced mucosal barrier dysfunction could be a
consequence of altered neuronal signaling. They
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used the neonatal maternal separation mouse
model to test their hypothesis and found that
cholinergic input from submucosal neurons in
the distal colon (ex vivo) was abnormal in pups
separated from the dam compared with control
pups. In an earlier study, the same authors showed
that corticotropin-releasing factor (CRF), a key stress
hormone, caused alteration in barrier function (43).
Based on this finding, Gareau et al. demonstrated
that, in their model of barrier dysfunction, CRF se-
cretion and activation of its receptor 2 (CRF-R2) on
submucosal neurons caused the release of acetylcho-
line (ACh) and the subsequent hypercholinergic
state, stimulated enterochromaffin cells in the epi-
thelium to increase permeability. Together with the
release of ACh, CRF, once secreted, also induced the
release of other mediators by surrounding cells (in
particular mast cells), and this also had an impact on
barrier function (83).

Enteric neurons, epithelium and diet. Dietary
lipids such as n-3 polyunsaturated fatty acids (n-
3PUFA) are known to impact gut functions (30).
N-3PUFA maternal diet increased intestinal para-
cellular permeability in newborn piglet tissues.
This effect was inhibited by atropine or hexame-
thonium. In parallel, neuroplastic changes were

observed with increased number of ChAT-immu-
noreactive neurons and a decreased number of
VIP-positive neurons, suggesting an increment of
the cholinergic vs. the VIPergic tone in the ENS.
Surprisingly, the expression of tight-junction
proteins (occludin, zonulin, or claudin) remained
unchanged, leaving opened the question of the
mechanism by which VIP might modify barrier
function (30).

Future studies. Direct and live imaging of hu-
man submucosal neurons is now commonly used
in many laboratories and allows characterization
of a number of ENS signals, particularly from the
submucosal plexus (109). Similarly, culture of com-
plex human epithelium, through stem cell or crypt
isolation and further organoid cultures, now allows
us to study epithelial monolayers in their full di-
versity and in three dimensions (89, 109). Cocul-
tures of human submucosal neurons and intestinal
organoids would constitute a model of choice to
study neuro-epithelial interactions in general and
the impact of neurons on epithelial barrier func-
tion. Indeed, only epithelial cell lines have been
used so far in vitro for coculture studies, and the
real effects of submucosal neurons on a complex
and diverse epithelial monolayer still have to be
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FIGURE 2. Schematic representation of the neuronal-glial-epithelial unit in the Gl tract
In physiological conditions (left), glial cells (blue) surround neurons (green) to form ganglia, which are interconnected through neuronal fibers (or-
ange) to form the submucosal plexus. “Resting” glia communicate with epithelial cells via the release of GDNF, GSNO, TGFB1, 15dPGJ2, pro-EGF,
and 15-HETE to preserve barrier function, whereas submucosal neurons release VIP, ACh, IL-18, and NPY. In pathological conditions (right), glial
cells become activated (red) and release S1008, NO, NGF, GDNF, IL-6, and IL-1B, which alter epithelial barrier function, whereas submucosal neu-
rons (green) release ACh, VIP, NPY, and n-3PUFA, and respond to CRF signaling, which affects epithelial barrier function.

< Physiology

PHYSIOLOGY e Volume 33 ¢ July 2018 ® www.physiologyonline.org 273

Downloaded from journals.physiology.org/journal/physiologyonline at CAPES-UESC (200.128.066.036) on September 6, 2023.



274

studied. These new models could pave the way to
a number of studies investigating the role of sub-
mucosal neurons on all aspects of epithelial bar-
rier functions: not only intercellular junctions
and epithelial secretion of mucus and antimicro-
bial peptides, but also transport and presenta-
tion of antigens by epithelial components, as
well as epithelial cell turnover (FIGURE 1). Such
studies could potentially discriminate the type of
epithelial cells on which neuronal mediators exert
the strongest control.

Enteric Glia: Friend or Foe of Epithelial
Cells?

Glial cell-neuron interactions for the control of
epithelium. Glial cells in the ENS are small cells
with a “star-like” appearance, like the brain coun-
terpart astrocytes, and are called enteric glial cells
(EGC) (37, 55, 56). EGC contain intracellular arrays
of 10-nm filaments made up of glial fibrillary acidic
protein (GFAP), which, together with S100 protein
and Sox10, have been commonly used as specific
glial markers (5, 52). Very recently, the proteolipid
protein (Plp) 1, a marker expressed by myelinated
cells, has been detected in virtually all EGC (85). In
the submucosal plexus, EGC surround neuronal
bodies and axons as well as blood microvessels.
EGC also extend long processes into the mucosa (8,
57, 64). EGC release factors that are crucial for the
development, survival, and differentiation of neu-
rons (1, 2, 29). Through their role of support to
neuronal networks, it is logical to think that EGC
can indirectly affect neuron-controlled epithelial
barrier function. The share of such indirect control
is difficult to apprehend though. First, it is difficult
to apprehend because in vivo studies do not allow
clear discrimination between neuronal and glial
output. Second, an increasing number of studies
point to EGC in isolation as key regulators of in-
testinal homeostasis (23, 49, 77, 79, 94). EGC reg-
ulate enteric neuron functions through the release
of a variety of soluble neuro-active factors. EGC
also display dynamic responses to neuronal inputs
(6, 40, 45). Adenosine tri phosphate (ATP) appears
to be the main actor in neuro-glia communication;
this has been observed in animal and human gut
preparations (6, 11, 45, 50, 71, 88, 104). Recently,
Fung et al. found that VIP signaling plays an unex-
pected role in the submucosal neuron-to-glia com-
munication, regulating purine release in EGC (40).
Although no link has been made between this neu-
ron-to-glia communication and a potential effect
on barrier function, this might constitute grounds
for future studies.

Growth factors and the control of epithelial
functions. Assessment of intestinal epithelial cell
proliferation after ablation of EGC demonstrated a
significant increase in crypt hyperplasia, suggesting
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that EGC could directly, or indirectly, control epithe-
lial cell proliferation (75). Coculture experiments
showed that the presence of EGC induced a signifi-
cant increase in epithelial cell surface area, without
signs of cell atrophy and without modifying cell vi-
ability. These effects on cell density and surface
area were mediated by a mechanism involving the
release of transforming growth factor-beta-1 (TGF-
B1) by EGC (75). Functional alterations in ECG
might thereby modify intestinal barrier properties
by altering intestinal epithelial cell proliferation
and self-renewal.

If neuro-glia communication appears necessary
to ensure ENS function in the gut, the interactions
of EGC with epithelial cells and overall the role of
EGC in mucosal integrity have proven to be equally
essential (see Table 2 for ECG mediators signaling
to epithelial cells). In transgenic mice ablated for
glial cells by targeting GFAP, fulminant and fatal
jejuno-ileitis was observed (13, 26). Since then,
several studies have demonstrated that EGC regu-
late the expression of genes responsible for adhe-
sion, differentiation, and proliferation of epithelial
cells (12, 80, 95, 103). Among the different EGC-
related mediators, glial-derived neurotrophic fac-
tor (GDNF) plays a fundamental role in the
preservation of mucosal integrity. GDNF exerts
anti-inflammatory effects via a dual mechanism:
on the one hand, it inhibits EGC apoptosis in an
autocrine manner; on the other hand, via a para-
crine mechanism, it lowers the level of pro-inflam-
matory cytokines released during inflammation
(96, 106). Interestingly, GDNF appears to favor the
reconstitution and maturation of epithelial barrier
even during mild inflammation, as demonstrated
in biopsies from patients with functional dyspepsia
(97). This finding correlates well with the observa-
tion that EGC undergo structural changes, as re-
vealed by the overexpression of the protein S100B,
in duodenal biopsies of patients with functional
dyspepsia (19, 111). In vivo models of ischemia-
reperfusion (IR) showed that glial network appears
“distorted” after IR stimulation and that GDNF
expression was increased, likely as a defense mech-
anism. This was confirmed in vitro in hypoxia re-
oxygenation conditions: GDNF protected from
decreased ZO-1 and occludin expression and in-
hibited overall epithelial barrier defects (111).
From a mechanistic point of view, both autocrine
and paracrine effects of GDNF are dependent on
cAMP/PKA and p38MAPK (73). GDNF seems to
contribute to wound healing in a cAMP-/PKA-de-
pendent manner and to promote barrier matura-
tion by inactivation of p38MAPK signaling (73).
Several studies suggest that EGC-derived GDNF
enhanced tight-junction organization in intestinal
epithelial cells (3, 73, 111). Morphine-stimulated
EGC, however, lost their barrier protective effect,
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Table 2. List of glial mediators affecting epithelial barrier function

EGC Mediator Effect on Barrier Function Mechanism References

GDNF Preserve mucosal integrity Activation of cAMP/PKA, p38 73, 96, 97, 106, 111
Anti-inflammatory effect MAPK, TJ proteins

ProEGF Induce barrier repair Activation of FAK 102

GSNO Reduce barrier lesions Inhibition of NF-«kB, TJ 17, 18, 27, 28, 38,
Preserve mucosal integrity proteins 65, 90
Anti-inflammatory effect

S100B Pro-inflammatory effect Secretion of NO, IL6, IL18 14, 20, 21, 22, 31,
Reduction of 32,70, 101, 106,
transepithelial resistance 107, 112,
Increase in permeability

15-HETE Preserve mucosal integrity ? 25, 84

TGF-B1 Promote epithelial cell ? 75
proliferation

15-deoxy-A"?"*-prostaglandin J2 Modulate epithelial cell Activation of PPAR-y 2

proliferation

GDNF, glial-derived neurotrophic factor; ProEGF, pro-epidermal growth factor; GSNO, S-nitrosoglutathione; 15-HETE, 15-hydroxyeicosa-
tetraenoic acid; TGF-B1, transforming growth factor-betal; FAK, focal adhesion kinase; NF-«B, nuclear factor kappa B; NO, nitric oxide;
PPAR-v, peroxisome proliferator-activated receptor gamma.

associating decreased GDNF mRNA and protein
expression (3). It is important, however, to con-
sider that EGC are not the sole source of GDNF;
it is also expressed and released by eosinophils
(10), neurons (108, 114), and epithelial cells
themselves (73).

If GDNF has been one of the first identified mol-
ecules participating in the glial-dependent main-
tenance of intestinal integrity and repair of
mucosal barrier, it is not the only growth factor
potentially involved. ProEGF secreted by EGC is
able to enhance barrier repair in animal models of
mucosal damage [dextran sodium sulfate (DSS), or
diclofenac-induced damage]. This link was con-
firmed in vitro by evaluating epithelial cell spread-
ing and wound healing after scratch (102). The
authors of this study also identified focal adhesion
kinase (FAK) as a signaling mechanism potentially
involved in EGC-mediated actions. However, this
last result would need to be confirmed upon the
availability of better tools to study FAK signaling
pathways.

GSNO (S-nitrosoglutathione) and «-7 nicotinic
acetylcholine receptor. In vitro, ex vivo, and in
vivo data, generated in epithelial cell lines, muco-
sal human biopsies, and transgenic mice, respec-
tively, have shown that EGC also control barrier
functions via the release of GSNO (18, 38, 65, 90).
This soluble molecule acts likely by increasing the
expression of tight-junction proteins (ZO-1 and oc-
cludin), restoring in part mucosal integrity. The
protective role of glia-derived GSNO has been
highlighted not only in physiological conditions
but also in pathologies. For example, by using Shi-
gella flexneri as an infectious insult to alter bar-
rier function, Flamant et al. demonstrated that
the presence of EGC, or their derivative GSNO,
was able to reduce barrier lesions (38). Another

experimental model confirming the protective role
of EGC on barrier integrity and the involvement of
GSNO was set up by Costantini with the induction
of intestinal injury by steam burn (27). In this
study, EGC activation was induced by vagal nerve
stimulation and measured in terms of GFAP ex-
pression. The protective effect exerted by EGC, as
described in the study, was comparable to the
exogenous administration of GSNO alone. It is well
known that vagal nerve stimulation exerted anti-
inflammatory action; however, the study by
Costantini is the first evidence of a brain-gut sig-
naling via EGC during intestinal injury. The same
authors, trying to decipher the mechanism by
which vagal nerve stimulation would protect bar-
rier function, identified an important role for a-7
nicotinic acetylcholine receptor (mAChR) (28).
They further demonstrated, in coculture systems,
that nicotine was able to activate EGC, which ex-
press a-7 nAchR, and this activation provided pro-
tection from inflammation-induced increased
intestinal epithelial cell permeability. No direct ef-
fect of nicotine on intestinal epithelial cells could
be measured, but nicotine-activated EGC modu-
lated barrier function through a NF-kB-dependent
pathway (17). In the same model, GSNO prevented
inflammation-induced epithelial barrier dysfunc-
tion, improving the expression and localization of
occludin, ZO-1, and phosphorylated myosin-light
chain (18). No link, however, has been established
between «-7 nAchR and GSNO, and the mecha-
nisms of action of GSNO still need to be addressed.
In vivo studies, however, link the protective effects
of GSNO to the inhibition of NF-kB pathway (65)
but could not identify the cellular targets.

Nitric oxide. The production of GSNO by EGC
requires reactive nitric oxide (NO) intermediates,
produced by NO synthase (NOS) isoforms. Studies
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in human biopsies and primary EGC showed that
these cells contain L-arginine and express the in-
ducible form of NOS, holding therefore the full
machinery for the synthesis and release of NO (20,
22, 31). Indeed, in human EGC, the release of NO is
busted by pro-inflammatory stimuli, i.e., lipopoly-
saccharide (LPS) and interferon-gamma (22), and
by pathogens, i.e., entero-invasive Escherichia coli
(101). Interestingly, S100B seems to have a promi-
nent role during EGC activation, and its overex-
pression and release have been linked to NO
production during intestinal inflammation (20, 22,
31). Once released, S100B acts on surrounding cells
but also on EGC in an autocrine manner (20, 22).
Studies have shown that, in gut inflammation, a
large part of NO release might come from EGC (20,
22, 31, 32), and EGC-derived NO directly correlates
with the integrity of epithelial barrier. In EGC-
epithelium coculture model, when stimulated with
LPS, EGC releases NO, which in turn causes a re-
duction of transepithelial resistance and an in-
crease in permeability (112). More exhaustively,
the link between glial-derived NO and epithelial
barrier dysfunction has been characterized in three
mouse models of colitis [trinitro benzene sulfonic
acid (TNBS)-induced, DSS-induced, or genetic IL-
107/~ models] and in colonic human submucosal
biopsies (70). The authors discovered that EGC
activation affects electrogenic ion transport, lead-
ing to altered barrier function, and that iNOS,
mainly the one expressed in EGC, is involved in
this effect. Indeed, inhibition of NO production
and blockade of glial metabolism (by fluoroac-
etate) were able to restore ion transport during
mouse colitis and prevented an EGC-mediated
harmful process. These results were confirmed in
human biopsies from patients with inflammatory
bowel diseases (IBD).

PUFA metabolites. EGC, like a number of other
cells, possess the whole machinery to produce
PUFA metabolites, and in particular one of them,
the 15-hydroxyeicosatetraenoic acid (15-HETE)
(84). Defects in EGC production of 15-HETE have
an impact on intestinal epithelial cell permeability.
The protective role of glial 15-HETE was corrobo-
rated by the observation that, in primary EGC from
patients with Crohn’s disease (CD), 15-HETE ex-
pression was reduced compared with controls.
Glial cells from CD patients were unable to stabi-
lize barrier function in intestinal epithelial cells,
but addition of 15-HETE restored barrier function.
This study also demonstrated that 15-HETE regu-
lates permeability by inhibiting an adenosine
monophosphate-activated protein kinase and also
by increasing ZO-1 expression. In EGC from CD
patients, the expression of a number of PUFA me-
tabolites was decreased, including 15-HETE, but
also 18-hydroxyeicosapentaenoic acid (18-HEPE),
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15-deoxy-delta-12,14-prostaglandin J2 (15dPGJ2),
and 11-beta-prostaglandin F2 (11BPGF2), suggest-
ing that other PUFA metabolites might control ep-
ithelial barrier functions (25). In line with this
finding, studies aiming at confirming the capacity
of EGC to modulate epithelial cell proliferation
have identified 15-dPGJ2 as a molecule involved in
peroxisome proliferator-activated receptor (PPAR)-
gamma activation (2). 15-dPGJ2 is synthesized and
released by EGC, as demonstrated in human sub-
mucosal and rat EGC, where it directly affects ep-
ithelial cell proliferation but not differentiation.

Control by EGC of immune barrier function.
EGC are able to discriminate between pathogens
and probiotics via a different Toll-like receptor
(TLR) expression, and this is tightly correlated to
S100B protein upregulation (101). Together with
TLRs, other receptors have been identified on hu-
man EGC, and these receptors tell us that EGC may
act as antigen-presenting cells once activated. For
example, in physiological conditions, EGC consti-
tutively express major histocompatibility complex
(MHC) class I molecules, while MHC class II mol-
ecules are almost undetectable (22). When an in-
flammatory scenario is set up, EGC express MHC
class II molecules and c-fos, a marker of cell activa-
tion (22). Furthermore, during inflammation, EGC
may also proliferate, undergoing reactive gliosis
(similar to astrocytes in the brain) (14, 21). In these
conditions, EGC morphology and activity appear
profoundly altered and switch toward a so-called
pro-inflammatory phenotype. This phenomenon is
characterized by the release of glial factors and cyto-
kines, which recruit immune cells like macrophages,
neutrophils, and mast cells. More specifically, in re-
sponse to external stimuli, EGC overexpress and re-
lease the protein S100B (22) and produce IL-6 and
IL-1B, thereby activating an innate immune response
participating in the immune mucosal barrier (106,
107) (FIGURE 2).

What is next with EGC? During the last decade,
our knowledge on EGC “tasks” in the context of
modulation of barrier function could progress
thanks to the development of optogenetic and mi-
croscopy tools (7). Application of high-resolution
genetic marking technique in the mouse myenteric
plexus, for example, unraveled the presence of four
distinct populations of EGC, with a different re-
sponse to glial activator (ATP) (8, 49). This finding
suggested that EGC are highly specialized, and this
specialization allows them to perform different ac-
tivities in the gut. One captivating observation in
Boesmans’ research article was about the identifi-
cation, within the myenteric EGC population, of
cells negative for the three classic markers used so
far: S100, GFAP, and Sox10. This result was com-
pleted by the observation by Rao that virtually all
EGC express proteolipid protein 1 (Plpl), a myelin
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protein that is normally present in oligodendro-
cytes in the central nervous system (85). Transcrip-
tional profile also showed that other genes,
necessary for the formation of myelin, are ex-
pressed in Plpl-positive EGC (85). Although this
study was performed in myenteric plexus, one can
hypothesize that submucosal EGC might also show
a high population diversity. Recently, unexpected
results, in conflict with the current dogma of “EGC
have a protective role on barrier function,” have
been generated (86). First, Rao and colleagues, in-
ducing selective elimination of EGC (myenteric,
submucosal, mucosal, and intramuscular) in mice
by using the Plp1 promoter, observed that EGC are
not required for the maintenance of the intestinal
epithelium integrity (86). Second, Grubisic and
Gulbransen, using transgenic mouse models to al-
ter EGC activity (by the ablation of connexin-43),
demonstrated that such an activity is not crucial to
modulate barrier function (48). Fairly, we have to
insist on the fact that the conflicting theories on
the physiological role of EGC have been generated
by using different approaches, in vitro vs. in vivo
modulation of EGC activity, and different genetic
models of EGC ablation, GFAP vs. Plpl. The beauty
of this debate is that a new cursus toward the
characterization of EGC morphology and function
in physiological and pathophysiological situations
has started. New and surprising revelations are
most likely coming!

Conclusions on ENS Targeting for
the Control of Epithelial Barrier
Function in Diseases

Irritable bowel syndrome, inflammatory bowel dis-
eases, gastrointestinal infections, celiac disease,
and postoperative ileus are all associated with dif-
ferent grades of inflammation and intestinal bar-
rier dysfunctions. Can we target the neuronal-glial-
epithelial unit in such diseases to control barrier
function? We have reviewed here current knowl-
edge on submucosal neurons and EGC, which both
synthesize and release mediators having either
beneficial or detrimental effects on epithelial cells
and thus on barrier function. Most of such medi-
ators are ubiquitous and have multiple functions
other than modulation of epithelial barrier func-
tions. To define which mediator could constitute
the best molecular target, a complete assessment
of all the components of barrier function, i.e., in-
tercellular junctions, epithelial secretion of mucus
and antimicrobial peptides, transport and presen-
tation of antigens, as well as epithelial cell turn-
over, is necessary.

Although neurons “simply” release neuromedia-
tors, EGC undergo functional and also morphological
changes, they proliferate and become hypertrophic,
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they undergo structural distortion, and they act like
true plastic elements of the gut (44). This plasticity of
EGC might favor switches from a protective to a
harmful role and vice-versa. Several and diverse
evidences brought the hypothesis that EGC might
even act as primum movens that initiates the in-
flammatory cascade in gut diseases (66, 82). This
view is still far from being proven and needs novel
technical approaches to be evaluated. Based on I)
EGC plasticity and 2) the notions we have on the
neuron-to-epithelial and EGC-to-epithelial com-
munications, the idea of targeting EGC appears
more realistic than targeting neurons themselves.
By modulating their activation during gut diseases,
EGC and their specific mediators might represent
better targets to diminish the entity of tissue dam-
age and barrier function modification. However,
based on the new and intriguing findings on Plp-1
and the subsequent controversial role of EGC in
protecting barrier function (86), the journey is
probably just beginning. ®
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