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Introduction
The enteric nervous system (ENS) encompasses the intrinsic neu-
roglial networks of the gut, which are organized into two layers of 
interconnected ganglia, the outer myenteric and the inner submu-
cosal plexus, which control virtually all aspects of gastrointestinal 
physiology (1, 2). Enteric neurons are classified into distinct subtypes 
according to morphological characteristics, intrinsic electrophysio-
logical properties, or the combinatorial expression of neurotransmit-
ters and neuropeptides such as 5-hydroxytryptamine (5-HT), calci-
tonin gene–related peptide (CGRP), or neuronal NOS (nNOS) (3–6). 
Unlike enteric neurons, which are located exclusively within enteric 
ganglia, enteric glial cells (EGCs) are also found within intergangli-
onic tracts, the smooth muscle layers, and the lamina propria of the 
mucosa (7–9). Both lineages of the ENS are derived from neuroecto-
dermal progenitors, which delaminate from the neural crest and col-
onize the gut during embryogenesis (10–14). Enteric neurogenesis 
commences as soon as neural crest cells invade the gut (in the mouse 
at around embryonic day 9.0–9.5), peaks at mid-gestation, and con-
tinues, albeit at a decreasing pace, for the remaining fetal period and 
early postnatal life, until it terminates after weaning (15–17). Nucleo-
tide analog (such as BrdU) incorporation during embryogenesis in 
conjunction with marker analysis in adult mice has demonstrated 
that enteric neuron subtypes are generated during specific but over-
lapping periods of development. Thus, 5-HT+ enteric neurons are 
among the first to be born during embryogenesis, while CGRP+ neu-
rons are generated mostly postnatally (18, 19). Unlike many parts of 
the CNS, the period of enteric gliogenesis overlaps extensively with 
neurogenesis: it commences at around midgestation (when neuro-
genesis is at its peak) and starts to decline postnatally (17). Low levels 
of gliogenesis are detected in the gut throughout life, but the signifi-
cance of this observation is unclear (20).

Human genetics and gene knockout studies in rodents have 
identified a number of transcription factors and signaling path-
ways that play key roles at various stages of ENS development 
(21). Among them are the nuclear factors SOX10 (an SRY-related 
HMG-box transcription factor) and FOXD3 (a member of the 
forkhead protein family), which are expressed in early neural 
crest cells (22–26). Together with the homeodomain transcription 
factor PHOX2B (27, 28), they are required for expression of the 
receptor tyrosine kinase RET, which along with the glial cell line–
derived neurotrophic factor (GDNF) receptors α 1–3 (GFRα1-3)  
and their cognate ligands of the GDNF family of ligands (GFL), 
constitute a signaling pathway that is essential for ENS devel-
opment (29–36). Another signaling cascade that is critical for 
enteric ganglia formation in the colon is the peptide endothe-
lin-3 (ET-3) and its GPCR endothelin receptor type B (EDNRB) 
(37–39). Mutant forms of genes that encode critical regulators 
of ENS development in animal models have also been identified 
in familial cases of Hirschsprung disease (HSCR), a congenital 
neurodevelopmental abnormality that is characterized by failure 
of enteric ganglia formation in the distal colon and functional 
obstruction of the gut (40).

Although most anatomical constituents of the adult ENS 
form during embryogenesis, newly born enteric neurons and glia 
continue to be integrated into pre-existing functional neural cir-
cuits for several weeks after birth (17, 18). Postnatal neurogenesis 
and gliogenesis coincide with and almost certainly contribute to 
the maturation of the intrinsic neural circuits of the gut and the 
acquisition of spontaneous and induced motility patterns that 
are characteristic of adult animals (41). These observations sug-
gest that changes in gastrointestinal physiology and environment 
that are associated with nutrition or the establishment of luminal 
microflora and the maturation of the mucosal immune system are 
likely to affect the postnatal phase of ENS development, particu-
larly the late-born groups of enteric neurons. Such factors may also 
affect the activity of neuroglial networks and the level of consti-
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to the ENS, RET is also required for the development of other 
branches of the autonomic nervous system, namely the sym-
pathetic chain and parasympathetic ganglia (31, 50–56), which 
contact many tissues throughout the body, including cells of 
hematopoietic origin. Interestingly, recent reports have provid-
ed evidence that sympathetic innervation influences the devel-
opment and homeostasis of hematopoietic stem cells (57), while 
neural input to the bone marrow inhibits the expansion of myelo-
proliferative neoplasms that develop in response to JAK2 muta-
tions (58). These findings, together with a recent study demon-
strating that activation of RET is required in a cell-autonomous 
manner to support hematopoietic stem cell survival and expan-
sion (59), suggest that similar to the ENS paradigm, RET signal-
ing constitutes a regulatory node that coordinates development 
of hematopoietic and peripheral neuronal lineages throughout 
the body. In that respect, it would be of great interest to examine 
the upstream molecular cascades that induce RET expression in 
such divergent cell lineages and the corresponding downstream 
signaling effectors activated by the receptor.

Inflammatory cytokines: neurotrophic factors  
for the ENS?
The interaction between the immune and nervous systems is high-
lighted by the broad effects of inflammatory signals on the CNS 
and the peripheral nervous system. For example, several mem-
bers of the TNF superfamily of pro-inflammatory cytokines can 
modulate (positively or negatively) neurite growth during devel-
opment (60, 61), and a more recent study has shown that TNF-α 
reverse signaling has a crucial role in establishing sympathetic 
innervation (62). The role of such molecules in the development 
and homeostasis of the ENS has not been studied extensively, 
but a recent report has demonstrated that the pro-inflammatory 
cytokines IL-1β and TNF-α promoted neurite outgrowth in a co-
culture model of enteric neurons and smooth muscle cells (63). In 
this experimental paradigm, the primary cellular target of IL-1β 
and TNF-α were the smooth muscle cells that were activated in 
an NF-κB–dependent manner to upregulate expression of GDNF. 
The physiological relevance of these findings is supported by the 
observation that conditioned medium from smooth muscle iso-
lated from inflamed colon also promoted neurite outgrowth of 
cultured enteric neurons (63).

Immune cells and inflammatory responses often have con-
trasting effects on neural progenitors depending on the species 
analyzed. Thus, in mammals acute inflammation interferes with 
neurogenesis and the regenerative capacity of the nervous sys-
tem (64). In contrast, inflammation-stimulated production of 
leukotrienes can promote the proliferation and differentiation of 
neural progenitors in zebrafish brain (65). The potential effects of 
cytokines or other products of the inflammatory response during 
normal ENS development are currently unknown; however, the 
ability of enteric neurons to respond to inflammatory cytokines 
and leukotrienes (66) raises the possibility that members of such 
families of signaling molecules could have an important role in 
the development and maturation of the mammalian ENS. Such an 
effect could be more pronounced in the postnatal gut during the 
establishment of the microbiota and the maturation of the innate 
and adaptive immune systems (Figure 1).

tutive gliogenesis observed in the gut of adult rodents. Therefore, 
the postnatal phase of ENS development constitutes an excellent 
model system to explore the cellular and molecular mechanisms 
by which environmental factors influence the assembly and activ-
ity of neural circuits. Several excellent reviews on the develop-
ment of the ENS have been published recently, and the subject is 
covered in other articles of this series (21, 42–44). Here we review 
aspects of ENS development, focusing mainly on embryogenesis 
and early postnatal life, which pertain to the immune system and 
the microbiota of the gut lumen. This is a new and exciting area 
of research, and our aim is to highlight outstanding questions and 
provide a sense of future directions rather than present an exhaus-
tive list of recent achievements.

Coordinate development of the nervous and 
lymphoid systems of the gut
The complex tissue organization and integrated function of the 
gut depend on the coordinated development of its constituent 
neuroectodermal, mesodermal, and endodermal cell lineages. 
Moreover, the extensive interaction of enteric neurons and glia 
with the highly regenerative and remodeling tissues of the gut 
wall, such as the intestinal epithelium (45) and mucosal vascu-
lature (46), suggest that ENS homeostasis is integrated into the 
physiology of the organ. It is therefore surprising that most stud-
ies on ENS development so far have focused on the role of neural 
crest cell–intrinsic factors and that little attention has been paid 
to the formation of enteric neural circuits in the context of gut 
organogenesis. Moreover, very little is known about the molecu-
lar and cellular mechanisms that maintain the integrity of the 
ENS in adult animals and harmonize its activity with the rest of 
the gastrointestinal tissues.

One of the means by which functionally coupled tissues within 
an organ could be instructed to follow coordinated developmental 
programs is to respond to common signals and molecules. Such 
a scenario is played out between two main actors of gut organo-
genesis, the ENS and Peyer’s patches (PPs), a major component 
of gut-associated lymphoid tissue. It has long been established 
that RET activity is essential for the survival, expansion, and dif-
ferentiation of ENS progenitors (47), but a more recent report 
demonstrated that RET is also expressed by a hematopoietic sub-
lineage (CD4–CD3–c-Kit+IL7Rα–CD11c+) and plays a pivotal role 
in its ability to infiltrate the embryonic gut and form PPs (48). 
Interestingly, the mechanisms by which RET and its ligands are 
engaged by the two lineages and promote their development are 
distinct. While ENS development depends exclusively upon the 
GFRα1 co-receptor and its cognate GDNF ligand, hematopoietic 
cells employ the GFRα3 co-receptor and artemin, another mem-
ber of the GFL family (48). Moreover, in the hematopoietic cells 
that form the lymphoid clusters, RET stimulation can also occur in 
trans by binding to co-receptor/ligand modules produced by other 
cells and secreted in the tissue milieu (49). This finding suggests 
that RET ligands and diffusible co-receptors produced by different 
cell types (including the ENS) provide a complex level of regula-
tion of PP formation in the intestine.

The wider role of RET in gut organogenesis suggests that 
this receptor is implicated in the coordinate development of neu-
roglial and hematopoietic lineages in other organs. In addition 
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addition, glial cells show remarkable plasticity and are among the 
first cells to respond to injury or invasion by pathogens (72, 73). 
Although at present EGCs are the least-studied peripheral glial 
cells in vertebrates, there is an increasing interest in understand-
ing the complex roles of these cells in gastrointestinal physiology.

Based on the morphology of EGCs residing within the gan-
glia of the myenteric plexus and expression of the glial markers 
glial fibrillary acidic protein (GFAP) and S100 calcium binding 
protein B (S100β), EGCs were considered generally to be the 
astrocyte equivalent of the gastrointestinal tract (74). However, 
morphologically distinct subsets of EGCs occupy enteric ganglia 
and extraganglionic sites, including the smooth muscle layers and 
the lamina propria of the intestinal mucosa (7, 8). In addition to 
the characteristically distinct morphologies, a recent ex vivo study 
also demonstrated the differential response of ganglionic and 
extraganglionic EGCs to purinergic activation (7). Nevertheless, 
it remains unclear whether EGC subtypes constitute molecularly 
and functionally distinct groups of cells with fixed properties or are 
capable of interconverting in response to physiological signals or 
pathological conditions. Clonal cultures of ENS progenitors have 
indicated that EGCs originate from common neuro-glial progeni-
tors (75, 76), but the presence of bi-potential or committed neuro-
genic and gliogenic progenitors in vivo has not been documented 
so far. Moreover, it remains unclear whether individual progeni-
tors are capable of generating distinct subtypes of enteric neurons 
and glial cells. Answering these questions will require in vivo fate 
mapping of sparsely labeled progenitors within the embryonic gut 
at different developmental stages. In rodents, a significant fraction 
of enteric neurons and EGCs develops during the early postnatal 
period, and it would be very interesting to explore how changes 
associated with feeding and the establishment of luminal micro-
flora after birth affect cell fate decisions by ENS progenitors.

Ablation of enteric glia in mice using different experimental 
strategies has suggested a pivotal role for EGCs in maintaining gut 
homeostasis. Following ganciclovir-induced depletion of prolif-
erating EGCs in Gfap::thymidine kinase transgenic mice, animals 
succumbed to fulminating and hemorrhaging jejunoileitis brought 
on by a weakened epithelial cell barrier (77). In an independent 
study, Cornet and colleagues also demonstrated that depletion of 
EGCs through expression of an autoantigen that elicits a glia-spe-
cific autoimmune response led to fatal gut inflammation and loss 
of bowel integrity (78). Finally, disruption of normal EGC func-
tion with the gliotoxin fluorocitrate led to reduced gastrointestinal 
motility specifically in the small intestine (79), although no obvi-
ous inflammation was observed in this case. These studies suggest 
that incomplete development or disruption of the EGC network 
predisposes to inflammatory pathologies in the gut that are analo-
gous to those observed in patients with Crohn’s disease. Although 

Although most studies so far have addressed the effect(s) of 
inflammatory processes on the nervous system, aberrant develop-
ment of the nervous system may also affect the cellular networks 
implicated in inflammatory reactions. In that respect, a very inter-
esting study in mice suggested that changes in neuronal subtype 
composition of the ENS influences the severity of gut inflam-
mation. More specifically, mutant mice overexpressing the BMP 
antagonist noggin, which have a denser ENS network and under-
representation of neurotrophin tyrosine kinase receptor type 3–
expressing neurons (67), developed a severe form of experimental 
colitis, while heart and neural crest derivatives expressed protein 
2 (Hand2) haploinsufficient mice, which have reduced enteric neu-
ron density, develop a milder form of this condition (68). At pres-
ent, our understanding of the interaction between the immune 
system and the ENS under normal conditions or in disease states 
is minimal. Nevertheless, the documented effects of inflamma-
tory cytokines on other parts of the nervous system, the extensive 
immune system of the gut and its activation during normal fluc-
tuations of the microbiota, or the commonly occurring inflamma-
tory conditions of the bowel justify an enhanced research effort in 
order to provide insights into neuro-immune communication dur-
ing development or postnatal life.

EGC development and plasticity
Traditionally glial cells were thought to provide nourishment and 
mechanical support for neurons. However, it is becoming increas-
ingly clear that glial cells also contribute to the regulation of syn-
aptic transmission, maintenance of blood-brain barrier, and com-
munication between the nervous and immune systems (69–71). In 

Figure 1. Potential interactions between microbiota, immune cells, and 
ENS lineages. Immune cells, exemplified here by a macrophage, might 
influence the differentiation of ENS progenitors and the homeostasis of 
mature neurons and glial cells. In turn, enteric neurons and glia might 
also influence the responses of cells of the innate and adaptive immune 
system (136). Red arrows indicate lineage relationships. Solid black arrows 
indicate cell communication with known molecular mediators. Dotted 
black lines indicate putative interactions in vivo.
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Microbiota influence on ENS development
Numerous studies in both invertebrates and vertebrates have 
established a clear connection between microbial flora and gut 
physiology. In the fruit fly Drosophila melanogaster, which has a 
relatively simple microbiome, the presence of microbiota enhanc-
es intestinal stem cell proliferation and renewal of the gut epithe-
lium (89). In contrast, under germ-free conditions, larvae show 
reduced growth and delayed pupariation, demonstrating the 
positive contribution of commensals to fly metabolism and energy 
equilibrium (90). Interestingly, controlled colonization revealed a 
link between certain gut commensals and mating behavior, imply-
ing a wide-ranging impact of gut microbiota on fly physiology, 
brain wiring, and behavior (91). Similarly in zebrafish, gut micro-
biota was shown to stimulate proliferation of gut epithelium and 
mobilization of the immune system (92), which correlated with 
increased fatty acid absorption (93).

Studies on mice also suggest a role of microbiota in pre-
serving the fitness of several intestinal tissues, including the 
epithelium (94), the immune system (95), and the vasculature 
(96) as well as in controlling energy balance (97). In rodents, the 
gastrointestinal tract is first colonized by a “seed” microbiota 
obtained from the mother, which gradually changes in volume 
and complexity throughout the pre-weaning period and even-
tually matures into its stable adult composition (98, 99). For 
example, Lactobacillus and Prevotella species are dominant early 
after birth, while Bacteroidetes and Firmicutes species predomi-
nate in the adult (98). During embryogenesis the ENS develops 
within a largely sterile environment, but the postnatal stages of 
ENS development and maturation take place under drastically 
different conditions due to the ingestion of food and the estab-
lishment of microbiota, which result in multiple changes in the 
configuration of various tissues and the immune system (100). 
Understanding the effects of the postnatal gut environment 
and microbiota on the differentiation and maturation of ENS 
lineages and the activity of enteric neural circuits represents a 
research area of utmost importance.

The effect of microbiota on the formation of neural circuits in 
the mammalian gut is highlighted by studies of germ-free mice 
that demonstrated that these animals have altered spontaneous 
circular muscle contractions and decreased nerve density in the 
jejunum and ileum (101). In addition, germ-free mice showed 
reduced sensory neuron excitability, which was corrected fol-
lowing conventionalization with normal microbiota (102). In 
agreement with these observations, diet modifications that led to 
changes of microbiota composition resulted in significant altera-
tions in gastrointestinal transit time (103).

What are the potential mechanisms by which the microbiota 
influences the development and organization of the ENS? The 
presence of microorganisms is sensed by host cells via pattern-
recognition receptors (PRRs), a large family of proteins that have 
the ability to recognize unique microbial components and play a 
crucial role in innate immunity and protection against pathogenic 
microorganisms (104). Intestinal epithelial cells and the innate 
immune system are the “first line of defense” against commensal 
or pathogenic microorganisms, and factors produced by these cell 
types in response to microbiota are likely to influence the develop-
ment and homeostasis of the ENS (105) (see below).

further substantiation of this idea is necessary, these studies call 
for additional research to elucidate the function(s) of EGCs and 
promise new discoveries in the field of gut pathophysiology and 
inflammatory bowel disease (IBD).

Most of the aforementioned studies did not focus on specific 
subpopulations of EGCs, but it is thought that the inflammatory 
pathologies associated with ablation of enteric glia are due to 
elimination of the diffuse network of glial cells that resides within 
the lamina propria of the intestinal mucosa. Indeed, it has been 
suggested that similar to the enhancing effects of astrocytes on 
the blood-brain barrier (69), these mucosal EGCS (mEGCs) play 
a critical role in maintaining the barrier function of the intestinal 
epithelium, an effect that is likely to be mediated by s-nitroso-
glutathione (80, 81). Although further work is necessary to char-
acterize in detail the mechanisms by which mEGCs support the 
barrier activity of the intestinal epithelium (82), these findings 
already raise interesting questions relating to the development 
and homeostasis of these cells. In particular, the implication of 
mEGCs in the host defense mechanisms against commensal or 
pathogenic microorganisms raises the interesting possibility that 
the gut microflora contributes, directly or indirectly, to the initial 
development and maturation of the diffuse glial cell network of 
the lamina propria. Moreover, given the proximity and physical 
interaction of mEGCs with the intestinal epithelium (45), a highly 
regenerative tissue in the body, it would be interesting to examine 
the dynamics of the population of mEGCs under normal steady-
state or pathological conditions. In this respect it is interesting that 
in rodents, low levels of gliogenesis are detectable in the enteric 
ganglia of adult animals, raising the possibility that self-renewing 
glial progenitors of the ENS are used to generate progeny that 
replenish mEGCs eliminated during the natural turnover of the 
intestinal mucosa. The potential role of the microbiota and the 
mucosal immune system in the activation of glial progenitors and 
the homeostasis of EGCs is currently unclear, but it is interesting 
that other peripheral glial cells, such as Schwann cells, are capable 
of reprogramming to stem-like cells when challenged by leprosy 
bacteria, and that such reprogramming is thought to be mediated 
by the innate immune system (73, 83).

mEGCs appear to have additional and perhaps more direct 
effects on mucosal immunity. It has been proposed that the glia-
specific protein S100β is a pro-inflammatory mediator acting via 
the receptor for advanced-glycation end products) to increase pro-
duction of NO in the mucosa (84, 85). Furthermore, upon bacterial 
stimulation, EGCs upregulate expression of MHC class II, which 
suggests that they actively respond to the colonization of the gut 
lumen by microbiota and participate in antigen presentation to 
the adaptive immune system (86). In adult mice, lineage-tracing 
experiments under conditions of acute neuronal loss after chemi-
cal injury demonstrated that EGCs have the capacity to trans-
differentiate into neurons in vivo. This occurs in the area of the 
myenteric plexus bordering the site of injury (17), which suggests 
that injury-induced inflammation might play a role in their trans-
differentiation. An improved understanding of the environmental 
factors that influence EGC development, as well as how and why 
differentiated EGCs maintain a considerable degree of plasticity 
(20, 87, 88), will provide important insights into the pathophysiol-
ogy of gastrointestinal diseases.
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Although there is much to be discovered regarding the mecha-
nisms by which the innate immune system of the gut influences 
ENS development and activity, the significance of these initial 
observations are likely to be far-reaching. For example, over-
stimulation of TLRs by potent or recurring intestinal infections 
early in life could affect the manner in which the ENS develops. 
On the other hand, excessive use of antibiotics early in life could 
perturb the timely evolution of intestinal commensals (116) and 
consequently hamper the maturation of the developing ENS. It 
is conceivable that in both cases an ENS-related pathology might 
develop later in life (117). The impact that changes in microbiota 
can have on enteric circuitry is highlighted by the effects of probi-
otics on the chemical coding of enteric neurons. Piglets on a diet 
supplemented with the probiotic Saccharomyces boulardii showed 
reduced numbers of calbindin+ neurons (118), while those fed 
with Pediococcus acidilactici had an increased number of CGRP- 
and galanin-expressing neurons in the submucosal ganglia of the 
ileum (119). Interestingly, the probiotic Lactobacillus paracasei 
was shown to attenuate visceral hypersensitivity induced by the 
perturbation of gut microbiota with antibiotics (120). Similarly, 
Lactobacillus acidophilus administration had an analgesic effect in 
a model of colonic hypersensitivity by inducing the expression of 
opioid and cannabinoid receptors (121). Finally, it has been sug-
gested that butyrate, a short-chain fatty acid produced by micro-
biota, enhances neuronal excitability (122) and gastrointestinal 
motility (123). Although these early results are encouraging, a 
systematic analysis of the effects of the microbiota and nutrition 
on ENS development and function is still lacking. Moreover, the 
mechanisms by which the microenvironment of the gut lumen 
influences the development and organization of the neuronal 
and glial cell lineages of the ENS are currently unknown. Despite 
such limited understanding, the emerging data suggest that the 
developing ENS is capable of responding to environmental cues 
and adjusting to the volatile milieu of the gastrointestinal lumen. 
Reverse regulation in which the ENS contributes to the shaping of 
the microbiome is also possible, as suggested by a study in which 
alterations in the composition of colonic and fecal microbiota were 
observed in a mouse model of congenital aganglionosis (124). It 
would be interesting to determine whether differences in micro-
biota composition are also present in animals with more subtle pri-
mary deficits in enteric neuron connectivity and gastrointestinal 
motility (125) and whether such potential deficits represent direct 
effects of ENS circuits on microbiota or secondary consequences 
of abnormal peristalsis.

A concept emerging in recent years from the study of the gut 
microbiota and its effect on organismal physiology is its perceived 
influence on brain function and behavior via the “gut-brain axis” 
(126). Interestingly, there is a high incidence of gastrointestinal 
comorbidity in children with autism spectrum disorders (ASD), 
with the majority of patients reporting some degree of chronic 
constipation or diarrhea, abdominal pain, and other symptoms 
associated with irritable or inflammatory bowel conditions (127–
129). In the mouse, features of autism are recapitulated in the 
maternal immune activation (MIA) model, in which epithelial bar-
rier weakening that results from robust immune system activation 
in pregnant mice produces offspring that display features of ASD 
(130). Remarkably, oral treatment of these offspring with the com-

The TLRs are an important subgroup of PRRs that play a key 
role in the maintenance of symbiosis between gut microbiota and 
the host (94, 106). Recent expression analysis indicated that TLR3 
and TLR7, which recognize viral RNA, and TLR4, which recognizes 
LPS, a major component of gram-negative bacteria, are expressed 
by enteric neurons and glia, suggesting that ENS lineages have the 
potential to respond directly to stimuli derived from the microbial 
flora (107–109). In support of this idea, in vitro studies with isolated 
rat myenteric plexus demonstrated a direct effect of LPS on EGCs, 
indicated by the increased production of the pro-inflammatory 
factors IL-1 and prostaglandin E2 and the consequent potentia-
tion of bradykinin-induced intracellular Ca2+ flux in neurons (110). 
In a subsequent study, Anitha and colleagues demonstrated that 
germ-free and antibiotic-treated mice exhibited reduced motility 
and fewer nNOS+ neurons (111). This effect was mediated at least 
partly via TLR4, as Tlr4–/– mice also exhibited similar deficits in 
intestinal motility and had a reduced number of nitrergic neurons. 
Interestingly, this phenotype was reproduced in mice with ENS-
specific deletion of the common TLR signal transducer MyD88 
(111), suggesting that TLR4 signaling is a cell-autonomous require-
ment within ENS lineages. Since the vast majority of nNOS+ enteric 
neurons are born during embryogenesis (18, 19), these experiments 
indicate that TLR4 is either required for the late expression of the 
molecular profile of specific subsets of enteric neurons or for their 
survival within the microenvironment of the postnatal gut. In sup-
port of the latter idea, Anitha and colleagues showed that LPS pro-
moted the survival of cultured enteric neurons in an NF-κB–depen-
dent manner (111). It would be interesting to determine whether 
restoring the normal complement of microbiota in germ-free or 
antibiotic-treated mice is sufficient to rescue the effect of reduced 
TLR4/MyD88 signaling on nNOS+ enteric neurons.

TLR2, another member of the TLR family, is known to strength-
en the intestinal epithelial cell barrier and prevent bacterial entry 
and inflammation (94, 112, 113). Interestingly, TLR2 polymor-
phisms have been identified in certain cases of IBD, although the 
relevance of this finding to the pathogenesis of Crohn’s disease or 
ulcerative colitis remains unclear (114). Enteric neurons and glia also 
express TLR2 and the myenteric ganglia of Tlr2–/– mice contained 
fewer neurons compared with their wild-type counterparts, with the 
reduction in inhibitory nNOS+ neurons being the most notable phe-
notype (115). The reduction in nNOS+ neurons was accompanied 
by intestinal dysmotility and impaired chloride secretion by ileal 
explants. The glial markers GFAP and S100β were also reduced in 
the myenteric plexus of mutant mice, but it remains unclear wheth-
er this reflects a diminished population of EGCs in enteric ganglia 
or lower expression of these markers in a normal population of glial 
cells. Interestingly, exogenous addition of GDNF corrected many 
ENS deficiencies in Tlr2–/– mice and in antibiotic-treated animals, 
suggesting that one of the roles of the microbiota/TLR2 axis is to 
promote the expression of neurotrophic factors that are required to 
maintain the functional organization of the mammalian ENS (115). 
Together with the demonstrated ability of pro-inflammatory cyto-
kines such as IL-1β and TNF-α, which are produced in response to 
TLR activation by bacterial components to stimulate production of 
GDNF (63), these findings argue that development and maturation 
of the ENS depend on the complex interplay between immune regu-
lators and neuroregulators (Figure 1).
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mensal Bacteroides fragilis restores gastrointestinal barrier integ-
rity and ameliorates ASD defects through its capacity to rebalance 
the levels of certain metabolites (130). Although the effect of MIA 
on ENS development and function has not been studied, this work 
further highlights the importance of a normal microbiota gut-
brain axis during development and that alterations of this axis can 
lead to CNS disorders.

Cross-talk between the innate immune system 
and ENS: watch this space!
A key component of the innate immune system of the mucosa is 
the population of macrophages, which perform functions related 
to innate and adaptive immunity and are essential for the response 
of gut tissues to injury and repair (131). Much of our understand-
ing of the interaction of the innate immune system and the ner-
vous system is based on studies of microglia, the resident macro-
phages of the CNS, which employ phagocytosis and the release of 
cytokines to regulate homeostasis under normal and inflammato-
ry conditions (132). More recent studies have identified a role for 
microglia in synaptogenesis and synaptic transmission, indicat-
ing that these cells contribute to the formation and maturation of 
neural circuits and the pathogenesis of neurodevelopmental dis-
orders such as ASD and schizophrenia. Remarkably, microglial 
cell activity can influence neural network formation not only dur-
ing perinatal and postnatal stages, but also during embryogenesis 
(133). Macrophages are present throughout the gut, including the 
muscularis externa (muscularis macrophages), where they come 
into close contact with components of the ENS (134, 135). A recent 
study has shown that muscularis macrophages have a distinct 
marker expression profile (CX3CR1hiMHCIIhiCD11cloCD103–

CD11b+) and that their development and maintenance is critically 
dependent upon colony stimulating factor 1 (CSF1) (136). Inter-
estingly, the ENS of CSF1-deficient animals (Csf1op/op) contained a 
higher number of neurons and had a less organized architecture, 
consistent with the idea that immune-related factors participate 
in the normal development of ENS (136). The functional link 
between ENS and muscularis macrophages was not limited to the 
developmental period but was also important for the steady-state 
function of the adult gut via a mechanism whereby macrophage-
produced BMP2 regulated enteric neuron function and intestinal 

peristalsis, while enteric neuron-produced CSF1 maintained the 
number of muscularis macrophages necessary for this opera-
tion. Remarkably, the production of both mediators required 
the presence of the microbial flora, since antibiotic-treated mice 
had reduced BMP2 and CSF1 (136). This pioneering work pro-
vides a cellular and molecular cascade that links the ENS and the 
immune system and paves the way for more discoveries in this 
emerging field (Figure 1).

Developmental biologists have learned over the years that one 
of the ways evolution coordinates multi-tissue organ development 
is by employing chemical signals to influence the differentiation 
of neighboring cell groups. Although it is hard to imagine how the 
gut would escape from such rule, our understanding of how non-
neuroectodermal tissues influence the assembly and function of 
the ENS is rather limited. The work summarized in this Review 
demonstrates that immune cells and their products can have 
profound effects on the development of neural circuits in the gut 
wall. It also points to the immune system as an important mecha-
nism used by the environment (in the case of the gut, its luminal 
contents and microbiota) to shape the formation of neural cir-
cuits in ways that can accommodate unpredictable physiological 
changes and generate appropriate responses in normal or disease 
situations. It would be interesting to explore whether and how the 
ENS can also influence the development and function of the gut 
immune system under physiological or pathological conditions. 
These research areas promise to provide many discoveries in the 
near future, which hopefully can be translated into tangible ben-
efits for patients with gastrointestinal disorders.
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