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Abstract

Neurons of the enteric nervous system (ENS)
are the primary controllers of gastrointestinal
functions. Although the ENS has been the
central focus of research areas such as motil-
ity, this has now expanded to include the mod-
ulatory roles that non-neuronal cells have on
neuronal function. This review discusses how
enteric glia (EGC) and resident muscularis
macrophages (mMacs) influence ENS com-
munication. It highlights how the understand-
ing of neuroglia interactions has extended
beyond EGCs responding to exogenously
applied neurotransmitters. Proposed mecha-
nisms for neuron-EGC and glio-glia commu-
nication are discussed. The significance of
these interactions is evidenced by gut func-
tions that rely on these processes. mMacs are
commonly known for their roles as immune
cells which sample and respond to changes in
the tissue environment. However, a more
recent theory suggests that mMacs and enteric
neurons are mutually dependent for their

marizes the supportive and contradictory evi-
dence for this theory, including potential
mechanisms for mMac-neuron interaction.
The need for a more thorough classification
scheme to define how the “state” of mMacs
relates to neuron loss or impaired function in
disease is discussed. Despite the growing lit-
erature suggesting EGCs and mMacs have
supportive or modulatory roles in ENS com-
munication and gut function, conflicting evi-
dence from different groups suggests more
investigation is required. A broader under-
standing of why enteric neurons may need
assistance from EGCs and mMacs in neuro-
transmission is still missing.
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maintenance and function. This review sum- 24.1 Introduction

Traditionally, enteric neurons were considered to
be the only active cells in the enteric nervous sys-
tem (ENS). However, with improved sensitivity
of imaging technologies and advances in the
genetic tools available, this paradigm has recently
shifted. The idea that non-neuronal cells can
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assist or modulate the functions of enteric neu-
rons is an exciting new aspect for neurogastroen-
terology. The interstitial cells of Cajal (ICC) and
telocytes such as fibroblast-like cells (also known
as PDGFRa+ cells) are established examples of
non-neuronal cells that act as an intermediary,
relaying the synaptic inputs from enteric motor
neurons to the target smooth muscle. However,
are there networks of cells in the gut wall that can
directly interact with the ENS or can communi-
cate with each other in a manner comparable to
enteric neurons?

Interspersed among the enteric neurons are
the enteric glial cells (EGCs) originally thought
to be little more than structural support cells that
hold the ENS in place. EGCs are present at simi-
lar or greater ratios than the neurons themselves
(1:1), and growing evidence indicates these cells
regulate enteric neural transmission. The emerg-
ing roles of tissue-resident immune cells known
as muscularis macrophages (mMacs) in intercel-
lular communication with the ENS have been
similarly explored. While mMacs are generally
dispersed throughout the external muscle layer of
the gut wall, a subset is closely associated with
the enteric ganglia and may communicate directly
with the ENS [16]. Conceptual advances largely
borrowed from studies of the central nervous sys-
tem (CNS) have triggered an interest in consider-
ing EGCs and mMacs as more than support and
immune cells [13, 26]. Astrocytes and microglia
are important regulators of CNS interactions in
health and disease. There are similarities in the
gene expression profiles and morphologies of
EGCs and mMacs with CNS astrocytes and
microglia, respectively. Similar cells to EGCs
and mMacs in the CNS have associations with
neurons. This has led researchers to investigate
whether EGC and mMacs in the ENS have analo-
gous roles to astrocytes and microglia in the
CNS. There is already evidence that both cell
types can influence essential functions of the gut
such as motility, secretion, and inflammation.
However, mechanistic understanding of how
these cells contribute to these events is limited.
This review will summarize the current under-
standing of the functions of EGCs and mMacs in
communication with the ENS network.

24.2 The Role of EGCs in ENS
Communication

EGCs are considered to be electrically “silent”
cells as they fail to demonstrate a response to cur-
rent pulses, electrical stimulation, or pharmaco-
logical agents in electrophysiological recordings
(human-Carbone unpublished data, [33]). This is
in contrast to neurons which routinely generate
an action potential when depolarized by current
pulses. It is well documented that EGC signal via
the release of intracellular Ca>* stores [6, 34, 38],
or through cAMP production [10]. Standard
methods to demonstrate the roles of EGCs in gas-
trointestinal physiology have employed either
Ca’ indicator dyes (e.g., Fluo-4) or mice that
selectively express genetically encoded calcium
indicators (GECls) in EGC [34]. Exogenously
applied transmitters such as ATP and serotonin
(5-HT) trigger an elevation in intracellular Ca**
in EGCs [6]. This provides indirect evidence of
the mechanisms by which enteric neurons regu-
late EGC functions. Specialized contact sites
between enteric neurons and glial termed neuro-
glial junctions have been identified in rodent
intestine by electron microscopy [22, 23].
However, what evidence is there that enteric neu-
rons release these neurotransmitters to directly
activate EGCs?

EGCs express several receptors for neu-
rotransmitters released by enteric neurons includ-
ing purinergic, adrenergic, and metabotropic
glutamate receptors [29]. Ca*" imaging studies
have provided examples where pharmacological
or electrical activation of enteric neurons leads to
subsequent responses in EGCs. Purinergic sig-
naling is a major mechanism by which enteric
neurons can activate EGCs [25, 28]. An impor-
tant consideration for neuron-glia communica-
tion is that not all responses are inhibited by the
voltage-sensitive Na* channel inhibitor, fetrodo-
toxin (TTX) [7, 21]. While these channels are
important for initiating the pathways that lead to
typical synaptic transmission, this observation
suggests that other mechanisms are involved.
Enteric neurons can release ATP via channels
formed by the protein subunits called pannexins.
The release of ATP enteric neurons through pan-
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nexin channels has been shown to mediate neuro-
nal death [31]. However, a recent study from
Boesmans et al. [7] provided evidence that pan-
nexin channels provide a “communicating junc-
tion” between enteric neurons and EGCs.
Boesmans et al. used photolytic uncaging of
cytosolic calcium to activate individual enteric
neurons. Their results showed calcium transients
in ~2 neighboring glial cells per single neuron
stimulated. Only ~0.5 EGCs responded in the
presence of either purinergic P2 receptor antago-
nist suramin or the nonselective pannexin inhibi-
tor probenecid. The mean amplitude of responses
was also attenuated. This is not surprising as it is
likely that other neurotransmitters have roles in
neuron-glia communication. EGCs respond to
the application of other agonists for receptors
such as nicotinic acetylcholine and neurokinin 2
(NK,) receptors. Furthermore, calcium is only
one measure of cell activation, and signaling
through cAMP in response to various stimuli has
rarely been investigated. There is evidence that
neuron-glia interactions occur during physiologi-
cal events, particularly during motility patterns
such as colonic motor complexes (CMCs) [8, 34].
Evidence from these studies indicates that only
subpopulations of EGCs are activated during this
physiological event and that this activation is sec-
ondary to enteric neuron stimulation. While this
suggests potential roles for EGCs in modulating
GI motility, research from other groups indicates
that EGCs may not have a major contribution to
this process [42].

It is worth noting that EGCs can also receive
input from the autonomic nervous system and
extrinsic sensory neurons [15, 30]. Gulbransen
et al. in 2010 demonstrated that electrical field
stimulation of nerve fiber tracts in the myenteric
plexus of the guinea pig colon typically elicited
robust Ca®* transients in EGCs. However, the
amplitude of these responses was significantly
reduced in tissues where extrinsic nerves were
chemically or surgically removed. The authors
suggested that the primary neurotransmitter
involved may be ATP since EGCs failed to
respond to exogenous application of norepineph-

rine [30]. While EGCs are closely associated
with TRPV1 expressing neuronal varicosities
[15], stimulation of primary afferent nerves with
capsaicin does not elicit a Ca** response in these
cells [30]. EGCs are also closely associated with
tachykinin immunoreactive varicosities, which
include both extrinsic and intrinsic nerve fibers.
Given that EGCs robustly respond to exogenous
application of NK,R agonists, it is likely that this
provides a mechanism for interaction with extrin-
sic sensory fibers. While the mechanisms for
transmission between extrinsic sensory nerve
fibers and EGC are not clear, they may be impor-
tant for the development of visceral pain follow-
ing bowel inflammation [27].

24.3 Communication Between
Neighboring EGCs

Functional coupling of EGCs is an important
mechanism for how this network of cells inter-
acts. While electron microscopy studies fail to
demonstrate the formation of typical gap junc-
tions between many EGCs in the myenteric
plexus of the rodent intestine [23], dye filling
experiments provide evidence to support func-
tional coupling within this network of cells [32].
Gap junctions are made up of hemichannels
formed from connexin protein subunits. Ca*
imaging experiments have demonstrated the
importance of this functional coupling, as
responses to exogenously applied ADP are atten-
uated with inhibition or deletion of these hemi-
channels [38]. In these experiments, hemichannels
were either inhibited pharmacologically in tis-
sues from wild-type animals or deleted by glia-
specific disruption of the gene encoding
connexin-43. In this same study, tissue from the
modified mice failed to generate contractions in
response to electrical stimulation of neurons, and
GI motility in vivo was generally delayed. These
results highlight that coupling between EGCs is
important for functional interactions within this
network of cells and the functional output of the
ENS in physiological processes more broadly.
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24.4 The Role of mMacs in ENS
Communication

mMacs are the tissue-resident macrophages of
the external muscle of the gastrointestinal tract.
They have diverse and dynamic morphologies
which facilitate their ability to constantly sample
and respond to the local tissue environment [41].
Evidence suggests that mMacs have bidirectional
relationships with the ENS that are important for
the maintenance and function of both cell types.
One arm of this interaction centers on the secre-
tion of colony-stimulating factor 1 (CSF-1) by
enteric neurons. CSF-1, also known as the mac-
rophage colony-stimulating factor (M-CSF), is
required for the continual maintenance and sur-
vival of mMacs [20, 40, 43]. mMacs fail to
develop in the intestine of the osteopetrotic (op/
op) transgenic mice, which express an inactivat-
ing mutation to the CSF-1 gene [39]. Furthermore,
pharmacological or antibody inhibition of the
receptor for CSF-1 (CSF-1R) leads to depletion
of mMacs [3, 14]. Although enteric neurons are
not the sole source of CSF-1 in the gut wall [1], it
provides a hypothesized mechanism for ENS and
mMacs association. The importance of these
interactions is questioned by immunohistochemi-
cal studies in tissues from Hirschsprung Disease
patients or from animal models of the disease,
where the ENS fails to develop in the distal por-
tion of the gastrointestinal tract (Ret knock-out)
[1]. In both groups, mMacs continued to develop
and colonize the GI tract despite the absence of
neurons. The authors conclude that the enteric
neurons may be necessary for the continual main-
tenance of mMac rather than the initial patterning
of the cells. This was supported by their evidence
that the colonization and development of mMacs
precede that of enteric neurons.

The second arm of this bidirectional relation-
ship is centered on the release of bone morphoge-
netic proteins (BMPs), for which there are
receptors on enteric neurons (BMPR). During
development, BMPs are required for the coloni-
zation of neural crest cells in the embryonic gut
and the development of a functional ENS in the

fetal gut [9, 20, 24]. mMacs highly express bone
morphogenetic protein 2 (BMP2) [40]; therefore
it is hypothesized that secretion of this soluble
factor provides a mechanism for mMacs to inter-
act with enteric neurons. In intestinal and stom-
ach tissues from op/op mice [11, 12], the
continual absence of mMacs is associated with
the development of significantly greater numbers
of enteric neurons. Immunohistochemistry data
from Cipriani et al. suggests, that in the stomach
of op/op mice, the proportion of nitrergic neurons
in the myenteric plexus is more affected by the
absence of mMacs than the proportion of cholin-
ergic neurons [11, 12]. The overall increase of
enteric neuron number is consistent with findings
from tissues in mice that globally overexpress the
BMP antagonist, noggin [9]. However, the timing
of mMac depletion may have important implica-
tions for how their potential roles in EN'S mainte-
nance and function are interpreted. The use of
tissues from inducible knockout models has
shown that chronic mMac depletion leads to sig-
nificant reductions in enteric neuron number
(Cx3cr1CreERT2.R0sa26-iDTR) [14]. Muller
et al. employed a different strategy to deplete
macrophages by administering monoclonal anti-
bodies directed at the CSF-1 receptor to mice
[40]. They found no significant effects on enteric
neuron number following acute depletion of
macrophages, although functional effects were
noted and will be discussed later in this review.
How the changes in enteric neuron number then
alter the output of the ENS is a necessary aspect
to validate the impact of these changes in gastro-
intestinal processes.

mMacs have dynamic motile processes that
are constantly changing to adapt to their cellular
environment [41]. Flow cytometry and transcrip-
tional information are available to define the vari-
ous mMac subtypes in the individual layers of the
gut wall [14, 36]. However, the field is lacking a
more thorough classification of the “when,”
“where,” and “how” the various subtypes contrib-
ute to ENS communication. Basic immunohisto-
chemistry studies have attempted to quantify the
broad groups of cells based on their density and
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location within the gastrointestinal tract.
However, this sort of profiling does not take into
account differences in cellular morphology and
the number and length of processes, as has been
demonstrated by studies such as De Schepper
et al. [14]. These studies have aligned the loca-
tion of the cells to a tissue layer, but the proxim-
ity of these subsets to the myenteric plexus and
whether their processes directly contact enteric
neurons or non-neural cells such as EGCs and
ICCs has yet to be included in this classification.
A detailed analysis of the anatomical locations of
mMacs was very recently published by Dora
et al., and their findings lead the authors to specu-
late whether a subset of mMac may function as a
“barrier” around the myenteric ganglia much like
the blood-brain barrier in the CNS [16].
Morphological analysis of CNS microglia is rou-
tinely used to assess their activation state [2, 44].
These cells normally have a hyper-ramified mor-
phology during physiological conditions (anti-
inflammatory state) but lose this complex
branching in disease (pro-inflammatory state)
[5]. There are examples of studies that have asso-
ciated the activation states or morphology of
mMacs, with ENS damage and changes to GI
function. Kinoshita et al. compared tissues from
control versus TNBS-colitis mice [35]. Using
immunohistochemistry, they demonstrated that
mMacs were ramified in the control intestine but
were non-ramified in the colitis tissues. Damage
to the ENS and ICC networks and a reduction in
the contractility of tissues were also associated
with these changes in mMac morphology in the
inflamed intestine [35]. Immunohistochemistry
and flow cytometry analyses were used by Becker
et al. to demonstrate similar shifts in macrophage
profiles in aging from an “anti-inflammatory”
profile in intestinal samples from younger mice
to a pro-inflammatory state in samples from older
mice. This was associated with an overall reduc-
tion in enteric neuron density and a reduction in
gastrointestinal motility measured in vivo [4].
More knowledge is needed to relate why these
changes occur and the mechanisms that connect
these changes with associated damage to the
ENS and other non-neural cells.

24.5 How Do mMac Interactions
with Enteric Neurons Relate
to Changes
to Gastrointestinal Function?

Several studies have investigated the potential
involvement of mMac in gastrointestinal motility
and secretion. In a study by De Schepper et al.,
depletion of mMacs inhibited the ability for ileal
segments to generate neurally evoked contrac-
tions and limited neurally mediated increases in
short circuit current (a measure of secretion).
This was supported by in vivo analysis showing
that mMac depletion reduced small intestinal
transit and increased transit times in treated mice
[14]. The hypothesis from this paper centered on
the idea that mMacs are necessary for the con-
tinual maintenance of the enteric neurons. While
Muller et al. showed that fecal pellet output was
delayed in mice treated with «CSF-1 to deplete
mMacs, they identified that this delay was due to
“dysmotility” [40]. In contrast to findings by De
Schepper et al., contractility increased in small
colonic segments from mMac-depleted mice, and
this increase was perturbed by stretching the tis-
sue. Colonic motility returns to normal in mMac-
depleted tissues treated with exogenously applied
BMP2, as mMacs typically release BMP2 for
which there are receptors on enteric neurons.
This led the authors to postulate that BMP2 is an
important signaling molecule for the direct acti-
vation of enteric neurons during physiological
processes. Observations by Luo et al. challenge
the relative involvement of enteric neurons in
mMac-mediated contractions [37]. Using opto-
genetics and genetic approaches (DREADD
mice, Designer Receptors Exclusively Activated
by Designer Drugs), they were able to selectively
activate mMacs and demonstrate a corresponding
contraction in segments of the colon. These con-
tractions were TTX-insensitive suggesting
mMacs directly stimulated the smooth muscle
cells. This study provided evidence that the
mechanisms for this interaction involved the
release of prostaglandin E, (PGE2) from mMac
acting on the prostaglandin E receptors on smooth
muscle cells. However, others have shown that
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activation of mMac with the bacterially derived
endotoxin lipopolysaccharide (LPS) inhibits cir-
cular muscle contractility, through an iNOS-
dependent mechanism [18, 19]. Unpublished
evidence from our laboratory questions whether
mMacs have a clear role in controlling motility
under physiological conditions, and we postulate
whether these roles may be more pronounced in
pathophysiology. The conflicting findings across
the literature certainly demonstrate that our
understanding of the functions of mMacs in GI
motility and physiological functions more
broadly is still being defined.

24.6 Evidence for EGC and mMac
Interactions in the Gut Wall

The fact that mMacs still populate and develop
within the intestine, despite the absence of enteric
neurons, highlights that there must be other
sources of CSF-1 in the gut wall. Grubisic et al.
recently demonstrated using immunohistochemis-
try that around 10% of myenteric neurons in the
mouse colon express the membrane-bound form
of CSF-1, versus 60% of enteric glia. Using 3D
analysis, they also showed that mMacs within the
ganglia have processes that physically interact
with EGCs [27]. They provided evidence that
colonic inflammation stimulated CSF-1 release by
EGCs, which in turn was associated with activa-
tion of mMacs toward a pro-inflammatory pheno-
type. This signaling may drive visceral pain in
colitis.

24.7 Conclusion

Results from various studies have shown that the
absence of EGCs or mMacs disrupts the interac-
tions between enteric neurons and the smooth
muscle cells. If this outcome is true, then it sug-
gests that EGCs and mMacs have continual roles
in regulating the output of enteric neurons, and it
raises several questions for the field. What benefit
is there for EGCs or mMacs to regulate neuro-
muscular transmission and why do enteric neu-
rons require an intermediary cell to regulate the

process? At present, enteric neurons are divided
into several, much more diverse subtypes based
on transmitter complement and expression than
EGCs and mMacs [17]. While there are subsets
of EGCs and mMac, they appear to be far more
similar to each other than enteric neuron subsets.
EGCs and mMacs form functional networks and
perhaps the more limited diversity compared to
enteric neurons assists in the synchrony of the
system. By firing in synchrony EGCs/mMac may
amplify the outcome of neural firing.
Understanding the roles of EGCs and mMacs in
ENS communication is a growing area, with
many questions remain to be answered. Potential
mechanisms for how these cells communicate
with the ENS have been identified. However,
future directions should aim to seek clarification
as to when these interactions are important.
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