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The enteric nervous system is a dense network of enteric neurons and glia housed in the gastrointestinal tract.
This system is responsible for performing several functions that enable digestion as well as maintaining gut
homeostasis through diverse signaling processes including those that arise from interactions with the immune
system. Bidirectional communication between enteric neurons and enteric glia has gained increased attention for
playing essential roles in enteric nervous system function. Neuronal mediators such as neurotransmitters stim-

ulate enteric glia and subsequent gliotransmission processes refine neuronal signaling during intestinal motor
control. In this mini-review, we present and discuss the basis of intercellular signaling between neurons and glia
in the enteric nervous system and the relevance of these interactions to gut function.

1. Introduction

The enteric nervous system (ENS) is a large, complex neural network
located within the walls of the gastrointestinal tract with neural circuitry
designed to control moment-to-moment gut functions [1]. Neurons
within the enteric plexuses are diverse and display unique patterns of
neurochemical coding, electrophysiological properties, patterns of gene
expression, and morphology based on their function. Integrative
signaling amongst the various subtypes of neurons, their effector cells,
the “SIP syncytium”, and hormonal, immune, and extrinsic neural cues
is responsible for coordinating gut movements, blood flow, secretory
processes and immune functions [2,3].

A relatively new addition to the known cellular mechanisms that
control gut functions are the enteric glia. Enteric glia surround enteric
neurons and nerve fibers in the gut and influence gut functions through
bi-directional neuron-glia signaling, and by direct and indirect in-
teractions with immune cells [4,5]. Most known functions of enteric glia
are directed at maintaining homeostasis within enteric circuits and at
terminal projections in the mucosa and musculature in health and dur-
ing pathophysiological insults [6]. Chief among these roles are the ac-
tions of enteric glia in enteric synaptic signaling whereby glia fine-tune
neuronal communication to optimize ENS control of gut functions and
responses to injury and/or infection. This mini-review focuses on the
current understanding of how enteric glia influence gut motor function
through bi-directional communication with enteric neurons. Therefore,
the scope is focused on mechanisms of neuron-glia signaling in the
myenteric plexus in health and disease.

2. Enteric nervous system: Basic cellular organization and
sensory-motor integration

Enteric neural cells are concentrated in two main ganglionated
plexuses (Fig. 1A). The submucosal plexus is adjacent to the intestinal
lamina propria and consists of small ganglia with neurons and glia that
control mucosal processes [1]. The myenteric plexus is the largest sub-
division of the ENS and is situated between the circular and longitudinal
smooth muscle layers (Fig. 1A). The myenteric plexus houses various
functional types of enteric neurons that work in an orchestrated manner
to enable the proper execution of movements during peristalsis and
colonic motor complexes [7](Fig. 1B). Sensory neurons referred to as
“intrinsic primary afferent neurons” are located inside the myenteric
ganglia and send projections into the subepithelial space where they are
positioned to receive stimuli and integrate them into functional re-
sponses via the motor neurocircuitry. When stimulated, sensory neurons
activate interneurons that promote spatial and convergent synaptic
signaling activating ascending and descending motor neurons (excit-
atory and inhibitory motor neurons respectively). Nitrergic, purinergic,
and vasoactive intestinal peptide activity from inhibitory motor neurons
control longitudinal and circular smooth muscle relaxation whereas the
cholinergic and tachykinergic activity of excitatory motor neurons
promotes smooth muscle contraction [7,8] (Fig. 1B). This specialized
synaptic network results in creating a spatial pattern of commands from
the ENS neurocircuitry for enteric neuromuscular control.
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3. Neuron-to-glia communication

The neural circuits controlling gut motor function are housed in the
myenteric plexus. Within the myenteric ganglia, enteric glia partner
with enteric neurons to form the ENS. Neuron cell bodies occupy
roughly 40 % of the space within enteric ganglia and the remaining 60 %
is dense neuropil consisting of glia and nerve processes [9]. Potential
routes of communication between the two cell types were identified in
early work by Giorgio Gabella who described neuro-glial junctions
consisting of specialized “synaptoid” contacts between axons and enteric
glial cell bodies or processes [10]. Axon-glial contacts were observed in
both myenteric and submucosal plexuses, in various species, and were
found to be more abundant than neuronal synapses, suggesting
conserved functional importance for widespread neuron-to-glia
communication [9,10]. Subsequent work identified multiple receptors
for neurotransmitters and neuromodulators expressed by enteric glia
[11] and showed that activating these receptors with exogenous neu-
rotransmitters could elicit glial activity in the form of intracellular cal-
cium (Ca2+) responses in cell culture and in tissue [12-16]. Final
confirmation of the functional nature of neuron-glial contacts was pro-
vided by studies that depolarized neurons in intact tissue and in cell
culture and observed subsequent responses in enteric glia [14,17]. In
addition, triggering neurotransmitter release from endogenous sources
by depolarizing neurons with electrical field stimulation (EFS) elicits
responses in myenteric glia that require transmitter release from
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neurons [18,19]. Similarly, enteric glia respond with Ca* fluctuations
when enteric neurons are activated using photo-stimulation [20]. Under
these conditions, specific neuroglial units are observed which suggest
spatial specificity in neuron-to-glia communication [20].

Glial excitability is largely encoded by fluctuations in intracellular
Ca?* which can arise from receptor-mediated release from intracellular
stores, influx through ionotropic receptors, or combinations of both.
Glial Ca?" responses are considered a primary mechanism used to
encode the “language” used by enteric glia. How Ca?* fluxes are con-
verted into transmitter release dynamics or translated into functional
responses is not completely understood. However, it is known that Ca%*
activity underlies glial processing at the single-cell level and at the
network level by stimulating cell-cell signaling through mechanisms
involving hemichannels [21-23]. Connexin-43 (Cx43) is a component of
both hemichannels and gap junctions expressed by enteric glia. Gap
junction coupling between enteric glia seems to be sparse but promotes
an intercellular route of communication inside the glial network
[24,25]. Conversely, extensive hemichannel expression provides a route
to exchange glial-derived signals such as ATP between intra- and
extracellular spaces and promote another mechanism of communication
inside the enteric glia network [21,22,26]. Enteric glia have the po-
tential to release several different types of gliotransmitters, which are
neuroactive chemicals released by glia that modulate neuronal activity
and neuroglial interactions, such as ATP, GABA, and prostaglandins.
Each of these transmitters has well-defined roles in gut physiology and
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Fig. 1. Neural circuitry for controlling intestinal motor activity. (A) The basic structure of the enteric nervous system. Enteric neurons and enteric glia are found
widely distributed among gut layers, notably in the nervous plexus. Inside the ganglia, multiple connections are established as well as between ganglia. (B) In the
myenteric plexus, a synaptic arrangement spatially signals the contraction and relaxation of circular smooth muscle. Intrinsic sensory neurons activate ascending and
descending interneurons, which in turn activate excitatory motor neurons orally and inhibitory motor neurons anally, creating coordinated motor activity for the
propulsion of intestinal contents. Enteric glia signaling evoked by acetylcholine and purines reinforces pro-contractile activity and refines gut motility commands.
LM = longitudinal muscle; CM = circular muscle. SP = substance P, 5-HT = serotonin, ATP = adenosine triphosphate, ACh = acetylcholine, NO = nitric oxide, VIP =

vasoactive intestinal peptide.
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bidirectional neuron-glial signaling likely contributes to their effects on
motility [22,23,27,28]. The ability of glia to sense and elicit responses to
various neuroactive substances places enteric glia in a key position to
integrate and relay signals impacting gut motility [22].

Cholinergic, glutamatergic, serotoninergic, and purinergic neuro-
transmitter receptors have been described in enteric glia [6]. Not all of
them have extensive characterization depicting their pathways and
outcomes, but some have been addressed in the last decade. Glial
cholinergic receptors and subunits described in the gut include musca-
rinic M3 and M5 receptors, nicotinic, and its a3 and a7 subunits
[12,16,29-31]. This is significant because most excitatory signaling in
myenteric circuits is cholinergic and enteric glia can ‘listen’ to cholin-
ergic signaling through these receptor pathways [12]. Indeed, Ca®" re-
sponses in colonic enteric glia can be elicited by muscarine through the
M3 receptor [31]. Experiments with Designer Receptors Exclusively
Activated by Designed Drugs (DREADD) have shed some light on the
specific roles of glial M3 activation in myenteric circuits. Gq-coupled
DREADD receptors such as hM3Dq are derived from human M3
muscarinic receptors and expressing hM3Dq in enteric glia (GFAP-
hM3Dq) renders them sensitive to clozapine-N-oxide (CNO), a selective
activator of hM3Dq that mimics physiological M3 activation. Stimu-
lating glia in this way demonstrates that glial M3 signaling potentiates
enteric reflexes ex vivo and that its chronic stimulation alters motility in
vivo, both of which suggest a role for enteric glial cholinergic signaling in
gut motility [31].

Purinergic signaling is involved in fast neurotransmission in the ENS
and in multiple aspects of the circuitry underlying gut motor responses.
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Enteric glia are sensitive to purines such as ADP, and ADP evokes glial
Ca%t responses through P2Y1 receptors in ex vivo preparations and
primarily cultures from mice [23,32]. The extent of purinergic neuron-
glia signaling in the myenteric plexus differs depending on the gut re-
gion, although most myenteric glia are responsive to P2Y1 agonists in
mice [33]. P2Y4, P2X2, and adenosine 2B receptors also contribute to
the effects of purines on enteric glia [14,34-36]. Furthermore, purines
generated by neurons during synaptic communication and during in-
flammatory challenges stimulate Ca?" responses in enteric glia
[14,18,20]. Large Ca" responses evoked in myenteric neurons by
stimulating neuronal P2X7 receptors or by photo-stimulation evoke
pannexin-1-dependent ATP release, which recruits a discrete number of
glia immediately surrounding the stimulated neuron [20,37]. These
functional neuron-glial units play a particularly important role in in-
flammatory responses where glial stimulation provokes neuron death
through purinergic mechanisms [23].

4. Glia-to-neuron signaling in gut motor control

Evidence from studies using glial ablation models or gliotoxins
provided strong support for the concept that enteric glia play an
important role in regulating enteric neuromotor function [38,39]. Yet
how glia might be exerting these effects remained in question. Targeted
studies focused on glial signaling mechanisms have begun to illuminate
some of the ways in which glia might affect enteric neuromuscular cir-
cuits (Fig. 2). Among these, glial Cx43 hemichannels have emerged as an
important mechanism of gliotransmitter release and glia-to-neuron

(©)

Enteric glia ‘ Enteric glia

— - O Ca?

°g° Gapju’nction ®e®

enteric glia under inflammation

/ Cx43

P2X2

immune
mediators

enteric

Fig. 2. Glial mechanisms for intercellular communication with enteric neurons. (A) Enteric glia express a series of receptors for neurotransmitters that elicit calcium
responses and subsequent events leading to gliotransmission. (B) A special unit is found between purinergic neurons and enteric glia, where ATP release via
pannexin-1 recruits adjacent enteric glia, a process that probably accounts for pathology or injury. (C) Glial responses can be processed at the cellular and network
level by hemichannels containing connexin 43. When Cx43 is absent, gastrointestinal dysfunction can be manifested as dysmotility. (D) During inflammation, the
interaction of purines in intercellular communication in the enteric nervous system is evidenced by causing enteric neuron death via ATP release by enteric glia,
participation of P2X2 receptors during neuroinflammation, and release of several inflammatory mediators, such as SI00B. CA = catecholamines, Glu = glutamate,

GPCR = G protein-coupled receptor, PGs = prostaglandins.
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communication. Animals lacking glial Cx43 display impaired gastroin-
testinal motor function as reflected by increased colonic time transit and
alterations in feces composition [22]. In addition, deleting enteric glial
Cx43 creates deficits in neuromuscular contractions and relaxations that
underlie motility [22]. Both the mutation and the knock-down of Cx43
in vivo produce intestinal dysfunction, demonstrating that impairments
in mechanisms of enteric glial communication alter the functionality of
the ENS to signal intestinal reflexes [40]. Interestingly, augmented glial
Cx43 during pathophysiology contributes to neuroinflammation and
reducing the pro-inflammatory activities of glial Cx43 improves gut
motility in conditions such as opioid-driven constipation [41].

Glial Ca®* responses influence Cx43 hemichannel opening and con-
trol the release of various gliotransmitters. Gliotransmitters, in turn,
affect colonic motor function by modulating neurotransmission. Direct
evidence supporting the role of glial Ca®" signaling in gut motor func-
tion was obtained by stimulating GFAP-hM3Dq expressed in enteric glia.
In these studies, specifically activating glial Gg-driven Ca?* signaling
with the DREADD agonist CNO was sufficient to drive neurogenic con-
tractions in the ileum and colon and increased the frequency and
amplitude of colonic migrating motor complexes ex vivo and motility in
vivo [31,42]. These effects were mediated through neuronal pathways
since the effects of glial activity were blocked by limiting neurotrans-
mission with tetrodotoxin [31].

Enteric glial signaling clearly affects gut motor function through
actions on enteric neurons, but whether glia influence all neuron sub-
types similarly or display some type of specificity in their signaling has
remained in question. Evidence shows that strong stimulation of indi-
vidual enteric neurons evokes Ca2* responses in a limited number of the
surrounding enteric glia [20,43] and that glia are able to discern the
activity of adjacent synaptic pathways [44] suggests that there is spec-
ificity in neuron-to-glia communication. Recent findings further this
concept by showing that subpopulations of enteric glia are functionally
devoted to specific pathways in the myenteric plexus [18]. Sub-
populations of myenteric glia are functionally committed to ascending
and descending neural pathways while many are activated by multipolar
intrinsic primary afferent neurons. These pathway-specific glia provide
a functional basis for understanding how activating glia influence
neuronal activity and motor patterns (Fig. 1B). Glia activation by pu-
rines reinforces neuronal activity in the ascending neuronal circuitry,
while cholinergic glial activation suppresses activity in descending
pathways and contributes to cross-inhibition between the ascending and
descending circuitry [18]. The net result is the potentiation of pro-
contractile excitatory pathways and an overall sharpening of neural
signaling to optimize the proper execution of motor activity in the colon
(Fig. 1B).

5. Enteric glia—neuron signaling during inflammation

Enteric glia are sensitive to pathophysiological insults and react in
ways that can cause both gains and losses of functions. These changes
can alter neurotransmission in the gut by disrupting normal glial
mechanisms that modulate neurotransmission, by changing the reper-
toire of substances released by glia, and by enacting immune signaling
mechanisms with indirect effects on neurons. Enteric glia modify in-
flammatory responses through interactions with several subtypes of
innate immune cells during inflammation [45,46]. Mechanisms of these
interactions include glial toll-like receptors, antigen presentation, and
the production of both anti- and pro-inflammatory cytokines. The spe-
cific roles of glia vary depending on the context and different functional
profiles assumed by glia (i.e. reactive gliosis) contribute to modified
neuronal signaling and consequent neuroplasticity [4].

Purinergic signaling is prominent during inflammatory responses
and glial purinergic signaling contributes to neuroinflammation in the
ENS (Fig. 2). Elevated purine levels during acute colitis cause enteric
neuron death through mechanisms that involve neuronal P2X7 receptors
and pannexin-1 channels [37]. Glia play an essential part in this process
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by detecting elevations in purines through P2Y1 receptor activation,
which subsequently drives glial nitric oxide production and ATP release
[19,23]. Glial ATP release under these conditions is Cx43-dependent and
acts on neuronal P2X7 receptors to promote cell death [23]. Genomic,
functional, and anatomical data show that P2X7 receptors are enriched
in subsets of enteric neurons in mice, humans, and guinea pigs
[37,47-52]. However, a recent study suggests that P2X7 receptors are
also expressed by glial and/or macrophages [53].

Tachykinins released from sensory nerve terminals may be also an
early trigger that initiates this neuroinflammatory signaling cascade
through enteric glia [19]. In addition, ionotropic P2X2 receptors have
been implicated in promoting a ‘reactive’ glial phenotype during
inflammation and blocking P2X2 receptors reduces IL-6 secretion by
enteric glia [35]. How this signaling pathway might impact enteric
neurons remains unknown. Given the importance of purinergic signaling
by enteric glia during disease and the resulting disruptions in motility
and enteric neuroplasticity induced during and after inflammation, it is
a relevant topic to be addressed [54,55].

6. Conclusions

Neuroglial communication is an ongoing process involved in most
gastrointestinal functions and is particularly important for motility.
Enteric glia are active elements in motor neurocircuits and help to refine
and support neuronal signaling. Although the complexities and inde-
pendence of the ENS have been appreciated for some time, how the ENS
adapts and responds to stimuli is still being studied. Potential impair-
ments to intercellular signaling between neurons and enteric glia during
inflammatory bowel diseases and diseases of the gut-brain axis reiterate
the need to deeply understand the mechanisms of this conversation, thus
enabling studies to create therapies that alleviate gastrointestinal
symptoms.
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