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Abstract

Interactions between the enteric nervous system (ENS), immune system, and gut microbiota 

regulate intestinal homeostasis in adults, but their development and role(s) in early life are 

relatively underexplored. In early life, these interactions are dynamic, as the mucosal immune 

system, microbiota, and the ENS are developing and influencing each other. Moreover, disrupting 

gut microbiota and gut immune system development, and potentially ENS development, by early 

life antibiotic exposure increases the risk of diseases affecting the gut. Here, we review the 

development of the ENS and immune/epithelial cells, and identify potential critical periods for 

their interactions and development. We highlight knowledge gaps that, when addressed, may help 

promote intestinal homeostasis, including in the settings of early life antibiotic exposure.
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Early Life Intestinal Immune Interactions

As a baby transitions from intrauterine to extrauterine life, the gut takes on new roles: it 

begins to extract energy from luminal contents while appropriately identifying pathogens 

and protecting the body from infection [1]. To adapt to these changes, the neonatal gut 

undergoes maturation, specifically regarding the enteric nervousosal immune system, and 

the microbiota [2–6]. Neuroimmune interactions allow for communication between the ENS 

and intestinal immune cells to coordinate their responses to promote homeostasis or host 

defense [7,8]. The microbiome plays an important role in facilitating these connections. 

Disruption of neuroimmune interactions has been implicated in the pathophysiology of 
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intestinal inflammatory disorders [9–13]. Most studies of ENS/immune/gut microbiota 

interactions have been performed in adults. In recent years, studies have increasingly 

addressed their role(s) in early life [14–17].

The foregoing considerations may be of particular relevance to premature neonates, who 

experience the same stresses of the transition to extrauterine life as term infants, but must 

do so with even more immature physiological systems. Additionally, in many countries, 

more than 75% of extremely premature neonates are exposed to broad-spectrum antibiotics 

in the first days of life [18]. This is life-saving for infants with early-onset sepsis (EOS; a 

perinatally acquired infection manifesting in the first three days of life), but increases the 

risk of other complications that increase the morbidity and mortality including late-onset 

sepsis (LOS; sepsis occurring after 72 hours of life) and necrotizing enterocolitis (NEC) 

[19,20]. While it is known that the neonatal ENS, mucosal immune cells, and microbiota 

interact in early life and can influence each other’s maturation, the critical timing of these 

interactions and the mechanisms by which they influence each other’s development are 

just beginning to be investigated. In this review, we summarize early postnatal murine 

development of the ENS as a basis for further discussion into ENS/immune/gut microbiota 

interactions and development. We then discuss how the ENS interacts with select mucosal 

immune cell types (macrophages, innate lymphocytes, and goblet cells in early life and the 

relevance of these interactions in neonatal mice.

Enteric Nervous System Postnatal Development Requires Interaction with the Developing 
Microbiota and Mucosal Immune Cells

ENS development in mice—The enteric nervous system (ENS) is the intrinsic nervous 

system of the gut and consists of a complex network of neurons and glia that control most 

gut functions [21]. The ENS is organized into two plexuses (Figure 1) [22]. The myenteric 

plexus has cell bodies located between the circular and longitudinal muscle layers of the gut. 

The submucosal plexus has cell bodies closer to the lumen. These plexuses sense luminal 

stimuli and respond with appropriate effector signals to promote digestion, motility, and host 

defense [23]. The ENS begins to form early in fetal development when vagal neural crest 

cells invade the foregut and colonize the intestine in a complex and coordinated spatial and 

temporal process of migration, proliferation, and differentiation during early gestation in 

both mice and humans. [22,24,25]. This allows for the blueprint of the ENS to be present at 

birth, but significant development is still required for the ENS to become the mature network 

observed in adults. Notably, mice are born with immature intestines, including the ENS, 

compared to humans. The neonatal murine intestine is thought to be roughly equivalent to 

the human fetal intestine at weeks 22-24 of gestation [26]. This suggests that much of the 

maturation that normally occurs in the early postnatal period in mice also occurs postnatally 

for human neonates born prematurely.

In general, ENS development occurs in a pattern progressing rostral to caudal and from 

the myenteric to submucosal plexus. This suggests that perturbations of gut microbiota/

immune/ENS interactions at a given time in development will affect regions and layers 

of the gut differently. Several excellent reviews have profiled the mechanics of postnatal 
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murine ENS development, and we will highlight the most relevant points for the discussion 

of neuroimmune interaction development [2,14].

Timing of ENS development in mice—Early postnatal enteric neuronal development 

has two main focuses: permanent neurochemical identity of the neurons (what 

neurotransmitters/neuropeptides neurons express) and efficient, directed signaling (neuron 

morphology, electrochemical properties and synapse formation). ENS neuron “birthdates” 

(when progenitors leave the cell cycle for terminal differentiation), begin around mid-

gestation but extend into the postnatal period, with most neurons being born by the end 

of the first week of postnatal life [27–30]. Most of these later born neurons will be 

part of the submucosal plexus, which lags behind the myenteric plexus throughout ENS 

development and is still undergoing gangliogenesis in the first days of postnatal life [28]. 

Neurons of a particular neurochemical subtype leave the cell cycle at approximately the 

same time; therefore, a stereotypical set of neurotransmitters and neuropeptides is not 

present in the ENS until late fetal or early neonatal development. These neurotransmitters 

and neuropeptides include neuropeptide Y, vasoactive intestinal peptide (VIP) and calcitonin 

gene related peptide (all mediators of important neuroimmune connections in the adult 

intestine) [7,28]. Some enteric neurons will transiently express certain neurotransmitters 

(e.g. neuronal nitric oxides synthase (nNOS) and tyrosine hydroxylase) in early life, but 

not as adults [31,32]. The ratio of neurons of different neurochemical subtypes is also in 

flux during the first weeks of postnatal life. nNOS, classically expressed in inhibitory motor 

neurons in the myenteric plexus, is also expressed in approximately half of submucosal 

neurons at birth but decreases to less than 5% by adulthood[2,31,33]. nNOS expression 

appears to be especially influenced by the microbiota, as germ free mice, antibiotic treated 

mice and mice with genetic ablation of TLRs have decreased nNOS+ neurons in the 

myenteric plexus [34–36]. This suggests that the microbiota influences neurochemical 

subtype expression and that a normal microbiota is required for normal enteric neuron 

specification in the postnatal period.

Neuronal morphology and circuit formation are also active processes in the neonatal period 

[27–29]. In mice, neuronal control over migrating motor complexes in the colon does not 

exist until the first week of life and is not fully mature until after weaning [14]. In the 

first week of life, enteric neurons have filamentous dendrites that mature into a lamellar 

morphology over time [37]. These changes in dendrite shape could suggest a change in 

the sources of input to the neuron given the dendrites’ classical role of receiving signals. 

Enteric neuron axonal projections also change over the first weeks of life [29,37,38]. At 

birth, most enteric neurons project their axons caudally. Development of rostral axonal 

projections is apparent only after birth, meaning the bidirectional communication necessary 

for coordinated peristalsis is not possible prenatally. Circumferential neuronal connections 

also do not develop until late fetal development/early postnatal life. These circumferential 

projections have to form new connections through the preweaning period as the axons 

do not grow along with the circumference of the gut [37]. Early life myenteric neurons 

display a relatively immature electrical profile [37]. Fast electrical signals predominate in 

the first weeks of life with more mature and varied slow depolarization only identifiable in 

adult mice. The microbiota and its metabolites can modulate enteric neuronal excitability in 
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adulthood, and alterations to the neonatal microbiota has been demonstrated to alter neuron 

electrical activity [36,39,40]. These data suggest that the microbiota may alter the patterns of 

electrical activity in the neonatal intestine that are required for mature circuit formation.

Sensing and affecting microbes and immune responses—Enteric neurons express 

a variety of receptors for microbial products, metabolites, and cytokines (Table 1) [14,41]. 

This expression renders the ENS competent to be shaped both directly by the microbiota 

and indirectly through interactions with local immune cells [40,42]. A unique role for the 

microbiota in influencing early life ENS development has been demonstrated in the reduced 

neuronal density and altered subtype specification observed in antibiotic treated neonatal 

mice [36]. While antibiotic treatment also disrupts the ENS in mature mice, the same 

antibiotic treatment induces different changes pre-weaning versus post weaning mice [43]. 

Enteric neurons and glia express pattern recognition receptors including toll-like receptors 

2, 4, and 9, and genetic ablation of these receptors (or its downstream effector MyD88) 

disrupts ENS structure and function in adult mice [35,44,45]. While ENS cells express these 

receptors in embryonic development, their impact in neonatal intestinal homeostasis has not 

been thoroughly explored. Intriguingly, germ-free mice are noted to have abnormal ENS 

density and subtype specification at postnatal day 3 (P3) [46]. This may represent altered 

fetal development as studies of central nervous system (CNS) development have identified a 

role for metabolites from the maternal microbiota to influence the nervous system prenatally 

- a hypothesis that remains to be tested in the context of the ENS [47].

Neurons and glia of the ENS also express receptors for microbial metabolites including 

short chain fatty acids and bile acids (Table 1). Notably, microbially derived serotonin is 

important for enteric neurogenesis in adult mice, and previous studies have also identified 

it as important for regulating the neonatal ENS [36,40,43]. Enteric neurons express immune 

mediators (both constitutively and in response to stimuli) allowing cells of the ENS to 

reciprocally alter function of local immune cells (Table 1) [14,41]. Of note, despite the 

plethora of cells present in the intestine that may secrete a cytokine, studies have identified 

that ENS specific production is required for particular phenotypes. For example, ENS-

specific IL-6 and IL-18 have been appreciated to have direct effects on regulatory T cells 

and intestinal goblet cells respectively [48,49].

Early life antibiotic exposure is common and early life antibiotic exposure increases the risk 

of some intestinal diseases which are related, by either cause or effect, to ENS function. The 

ability of enteric neurons to sense products from the gut microbiota and immune cells, as 

well as to affect the microbiota and immune system is well documented, and while these 

pathways are known to be present in early life (and prenatally), their role(s) in early life 

development of the ENS is largely unexplored. Below we will review what is known about 

the development and neonatal function of neuroimmune interactions known to be important 

in adult mice.

Muscularis Macrophages

Muscularis macrophages (MMs) are a subset of intestinal tissue resident macrophages that 

closely interact with the ENS to regulate intestinal motility and tissue repair [50]. MMs 
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are classically defined as CD45+ CX3CR1+ F4/80+ CD11b+ CD11c-/lo, although gene 

expression analyses suggest there are further sub-classifications. As their name suggests, 

MMs are primarily found in the muscularis of the bowel in close proximity to the neurons 

of the myenteric plexus, but also exist in the lamina propria near the submucosal neurons. 

In adult mice, MMs have a role in protecting enteric neurons from death during enteric 

infection, thereby reducing risk of post viral irritable bowel syndrome, but also appear to 

inhibit normal bowel motility in the setting of post-operative ileus [51]. Premature and 

antibiotic exposed infants are at risk for intestinal inflammatory disorders, poor motility, 

feeding intolerance and functional GI disorders, some with similar pathophysiology to adult 

pathologies involving MMs [13,52]. Intestinal macrophages are initially yolk-sac-derived, 

but most are replaced by bone-marrow-derived macrophages over the murine preweaning 

period [6]. However, the macrophages associating with myenteric and submucosal neurons 

are primarily long-lived yolk-sac-derived macrophages [53]. It is unknown if some yolk-sac 

macrophages are predestined to identify and associate with neurons or alternatively if this 

is a serendipitous encounter prolonging macrophage lifespan. Together these observations 

suggest that macrophage-neuron interactions could be established in early life.

Growth Factor Secretion—In adult mice, MMs interact with neurons in a microbiota-

dependent manner to regulate intestinal motility [54]. Adult mice treated with a prolonged 

course of broad-spectrum antibiotics have significantly reduced numbers of MMs [55]. 

Consequently, the levels of bone morphogen protein (BMP) 2, an important trophic factor 

for enteric neurons secreted by MMs, is also decreased in the colon [56]. Enteric neurons 

reciprocally produce colony stimulating factor (CSF) 1, a growth factor required for MMs 

[57]. While this symbiotic secretion of growth factors links the ENS and MMs in adults 

(Figure 2), the mechanism of communication between the ENS and macrophages in early 

life is less clear.

Fetal MM development does not require the ENS, as mice with total intestinal aganglionosis 

have normal MM quantity, patterning and function on P1 [25]. Mice with abnormal CSF-1 

signaling lack MMs and have increased enteric neuronal density and disorganized ganglia 

as adults [54]. This suggests that MMs are necessary for normal ENS development, 

but ENS development in these mice has not been evaluated [54,57]. CSF1-BMP2 cross-

communication that is observed in adults is not mature in neonatal mice. The ENS does 

not become the primary source of intestinal CSF-1 until late in the pre-weaning period 

(between P14-21), the same point MMs become the primary intestinal source of BMP2 [25]. 

The trigger for ENS secretion of CSF-1 and MM production of BMP2 is unknown, though 

likely to be the microbiota or a microbial metabolite given the coinciding time course of 

microbiome development and the disruption in this crosstalk caused by antibiotics in adult 

mice.

The recently discovered role for enteric glia utilizing CSF-1 to specifically recruit anti-

inflammatory macrophages to an inflamed muscularis is another example of ENS/MM 

crosstalk manifested by CSF-1 signaling [58,59]. Enteric glia are protective against intestinal 

inflammation in general, and NEC specifically [60–62]. NEC is associated with decreased 

glial density in both human patients and animal models [62]. TLR4-mediated glial cell death 

and dysmotility were identified as early events in animal models of NEC, and enteric glia 
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depletion causes worse intestinal inflammation in NEC models. If glial cells secrete CSF-1 

in response to inflammation in neonatal animals as they do in adults, this loss of glia in early 

NEC could be the trigger for worsening inflammation and allow for the accumulation of the 

pro-inflammatory macrophages observed in NEC [63].

Because ligand/receptor interactions and mechanisms of communication between enteric 

neurons, glia, and macrophages appear to contribute to intestinal homeostasis in neonates, 

further studies will be important to identify these interactions in neonates. Given the 

developmental delay and likely microbiota-dependence of the BMP2/CSF1 axis, it seems 

likely that other signaling mechanisms are being utilized in early life instead of or in 

addition to the BMP2/CSF1 axis.

Acetylcholine Signaling—Acetylcholine-expressing neurons are important mediators of 

smooth muscle contraction in peristalsis [21]. In addition to this important role in motility, 

neuronal acetylcholine functions as an important signaling molecule to inhibit intestinal 

inflammation. Enteric neurons signal to macrophages by releasing acetylcholine that is 

subsequently bound to the α7-nicotinic acetylcholine receptor (α7nAChR) expressed by 

macrophages [64,65]. Activation of this pathway in intestinal macrophages induces them to 

adopt an anti-inflammatory phenotype [66].

Hirschsprung disease (HSCR) is a developmental disorder of the ENS in which a 

section of the distal bowel is not appropriately colonized by ENS precursors, resulting 

in aganglionosis. Proinflammatory intestinal macrophages have been implicated in the 

pathogenesis of neonatal intestinal inflammation, most notably in Hirschsprung-associated 

enterocolitis (HAEC) [67,68]. HAEC is the major cause of mortality for children with 

Hirschsprung disease due to severe intestinal inflammation and risk of perforation [69]. The 

risk of HAEC persists after surgical resection of aganglionic bowel, potentially suggesting 

that the remaining ENS is dysfunctional such that it disrupts its ability to appropriately 

regulate barrier function and host defense [67,70]. Recent studies have demonstrated that a 

relative lack of cholinergic fibers in the ganglionic bowel of HSCR patients is associated 

with disrupted mucosal immunity and increased risk of HAEC [15,71]. Specifically, the 

reduced cholinergic signaling is associated with decreased abundance of submucosal neuron 

associated macrophages in the lamina propria that share phenotype and functionality with 

the MMs that interact with the myenteric plexus neurons [53]. This results in increased 

macrophage secretion of IL-23 and promotion of Th17 cell driven inflammatory phenotype 

in the intestine with decreased innervation and could contribute to the mechanism of 

increased HAEC risk (Figure 2). As antibiotic treatment impacts neuron excitability and 

action potential firing, dysbiosis of the gut microbiota could further reduce neuronal 

acetylcholine release in neonates, allowing for inappropriate proinflammatory polarization 

of intestinal macrophages.

Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are tissue resident immune cells that have heterogeneous 

functions including host defense, barrier function, and commensal microbial interactions 

[72]. Group 3 ILCs (ILC3s) are important intermediaries between the host and commensal 
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microbiota via secretion of mediators, such as the cytokines IL-17A and IL-22. They 

have well elucidated roles in homeostasis but are also associated with chronic intestinal 

inflammation. ILC3s have three known subcategories: CCR6+ lymphoid tissue inducer 

(LTi)-like cells, CCR6− NK-cell receptor (NCR)+ ILC3s and CCR6−NCR− ILCs. All 

subtypes have roles in fetal and neonatal intestinal physiology and pathophysiology [73,74]. 

NEC is associated with an increase in NCR− ILC3s and IL-17A producing NCR+ cells. 

Conversely, LOS is associated with a decrease in NCR+ ILC3s that produce IL-17A. 

In mice, maternal and neonatal antibiotic exposure causes a decrease in these NCR+ 

IL-17A ILCs which renders the pup at increased risk of sepsis [75,76]. ILC3s represent 

an important cell type in potential pathology in the neonatal intestine. These cells requires 

precise regulation and context in order to promote healthy intestinal homeostasis. Emerging 

evidence suggests the ENS is one component regulating ILC3s.

Vasoactive Intestinal Peptide—VIP neurons make up a minority but a substantial 

fraction of submucosal neurons in both juvenile and adult mice [21,33]. VIP+ neurons are 

activated by feeding to simulate epithelial secretomotor activity and blood vessel dilation. 

VIP is an important mediator of neuroimmune interactions in the intestine as well as in 

the lung [7,77]. Mice with genetic ablation of VIP expression have significantly reduced 

numbers of all ILC3 subtypes in the intestine, identifying VIP as important for ILC3 

recruitment [78]. Recent studies demonstrate that activation of VIP receptor 2 (VIPR2) 

induces ILC3 production of IL-22, but only in the presence of alarmins (e.g. IL-23 

and IL-33) (Figure 3) [79]. This augments the immune response against pathogens and 

protects against injury in DSS colitis in mice (Figure 3) [79]. While IL-22 is important 

in barrier function, it is also implicated in the pathophysiology of inflammatory bowel 

disease by promoting inflammation [80]. These results suggest that ILC3s require both 

neuronal and immunological signals to produce IL-22, and the need for two stimuli may 

be an important mechanism for regulating ILC3s to maintain homeostasis without inducing 

chronic inflammation.

The context in which VIP promotes IL-22 secretion from intestinal ILC3s is not clear, as 

two concurrently published investigations suggested contradictory effects. In one study, VIP 

was shown to decrease IL-22 secretion from CCR6+ ILC3s [81]. This facilitated increased 

lipid absorption from the lumen, but also allowed greater bacterial translocation. These 

data suggest that VIP is important for the gut’s role in energy extraction but weakens 

barrier function and host defense. Conversely, in another study, feeding-induced VIP was 

shown to promote IL-22 secretion by ILC3s [82]. Furthermore, this group found that 

inhibition of VIP signaling renders mice more sensitive to pathogen-induced inflammation. 

The seemingly contradictory results of these two studies reinforce the notion that ILC3’s 

functions are likely to be highly heterogeneous, and underscore the importance of biological 

and experimental context when examining these functions.

VIP-induced alteration of barrier function via IL-22 in response to feeding could have 

important consequences in premature neonates. IL-22 expression is relatively low in 

neonatal intestine in homeostasis but increases under inflammatory conditions [83]. IL-22 

has been found to be protective in models of NEC, suggesting that augmentation of IL-22 

signaling by VIP could be protective against intestinal inflammation in the neonatal period. 
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The activation of VIP+ neurons by feeding complicates the picture for the extremely 

premature neonates at highest risk for NEC. In general, extremely low birth weight 

infants are slowly advanced on feeds over several days to weeks due to concerns for 

feeding intolerance and NEC [84]. The absence of a feeding stimulus in the presence 

of a rapidly developing microbiome (and often, the impact of systemic broad-spectrum 

antibiotics) in these infants may be either protective or harmful, depending on how the 

human premature intestinal environment influences VIP modulation of IL-22 production by 

ILC3s. Additionally, if VIP weakens host defense to facilitate nutrient absorption, this could 

have significant implications for enteral feeding and growth of premature neonates. VIP+ 

neurons are present in the myenteric plexus of the human fetus by week 18 of gestation, 

but it is unclear when VIP+ neurons are first present in the human submucosal plexus 

and when they are first localized to near ILC3s in the intestine. Furthermore, while NEC 

is associated with decreased numbers of IL-22 expressing ILC3s, LOS is associated with 

increased numbers [74]. This underlines the importance of understanding how neuroimmune 

interactions function in neonatal life to best design therapies that mitigate risk of one 

complication without significantly contributing to the risk of another.

RET Signaling—RET is a receptor tyrosine kinase that is essential for ENS development 

[24,85]. All ENS precursor cells express RET and a co-receptor (GDNF family receptor, 

GFR, α1-4) and rely on cis activation by RET ligands to induce proliferation and 

migration programs required for ENS precursor colonization of the intestine [86,87]. As 

ENS precursor cells differentiate, neurons maintain RET expression, while glial cells 

downregulate RET expression. After differentiation, glia maintain expression of GFRα 
co-receptors, allowing enteric glia to contribute to RET activation in nearby cells via trans 

activation (RET and the co-receptor are expressed by separate cells). Additionally, other 

intestinal cells can produce GFRα co-receptors, and they can persist in a soluble form to 

promote RET transactivation in competent cells (Figure 3). CCR6+ and CCR6− NCR− ILC3 

express RET and produce IL-22 to promote host defense in a RET- and ENS-dependent 

manner [88]. Glial cells in the intestinal lamina propria can adopt a stellate morphology 

with protrusions that project into cryptopatches to allow for paracrine signaling between 

the glia and ILC3s. Ablation of Ret in ILC3s rendered affected mice susceptible to DSS-

induced inflammation. ILC3s expressing a gain-of-function RET mutant have increased 

IL-22 expression and confer protection against colonic epithelial damage caused by DSS. 

Inhibition of microbial sensing in glia cells via cell specific MyD88 knockout reduced ILC3 

production of IL-22 and rendered mice more susceptible to colitis, mimicking the phenotype 

seen in the ILC3 RET knockout [88].

Goblet Cells

Goblet cells are specialized epithelial cells that play an important role in the intestinal 

mucosal immune system [89]. They are present in fetal development but undergo significant 

expansion in both number and function in early postnatal murine life [3,90]. Goblet cells 

contribute to intestinal barrier defense through their production of mucus and antimicrobial 

peptides. Certain intestinal inflammatory disorders, including HAEC, NEC and ulcerative 

colitis, are associated with abnormal goblet cell number or function [91–94]. Whether these 

changes are a cause or an effect of the pathologies is still unknown [91–94].
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IL-18—IL-18 is canonically a pro-inflammatory cytokine produced by a host of intestinal 

cell types, including enteric neurons, and is important in host defense, in part due to its 

impact on goblet cells [95–99]. IL-18 is an important mediator of the pathophysiology in 

septic shock in adults. Given that premature neonates have elevated serum IL-18 levels 

compared to adults at baseline, it was hypothesized that IL-18 could be responsible for 

severe manifestations of neonatal sepsis as well [100]. In mice, IL-18 appears to mediate its 

impact on the morbidity and mortality of neonatal sepsis by inducing IL-17A secretion in 

multiple immune cell types in the small bowel lamina propria [100].

As observed with other cytokines, not all of IL-18’s activities are pathologic. IL-18 is 

ubiquitously expressed by enteric neurons by the time of weaning [97]. Enteric neurons 

have been demonstrated to signal to goblet cells to modulate their function and phenotype 

[101,102]. Neuron-derived IL-18 specifically signals goblet cells to produce antimicrobial 

peptides [49]. When IL-18 is specifically deleted in enteric nervous system cells (but 

not hematopoietic or epithelial cells), affected mice were more susceptible to Salmonella 
infection (Figure 4) [49]. This suggests that enteric neurons have a specific mechanism 

to signal to goblet cells that is not available to other cell types and could function as a 

defense mechanism in which neuronal IL-18 induces a protective response from goblet cells 

in the midst of more global IL-18 induced intestinal inflammation. Additionally, goblet cell 

dysfunction is noted in HAEC [103,104]. Children with HSCR and mouse models of the 

disease have altered numbers of goblet cells and disordered mucin secretion/composition 

[103]. The quantity and quality of AMP in HSCR and HAEC has not been studied, to our 

knowledge, but given the recent studies discussed above, further investigation is warranted.

Acetylcholine—Additionally, goblet cells contribute to intestinal homeostasis by 

promoting tolerogenic response to commensal luminal bacteria via goblet cell associated 

antigen passages (GAPs) [105,106]. In mice, GAPs are dynamic, but tightly regulated 

in the pre-weaning period. GAPs are induced via activation of muscarinic acetylcholine 

receptor 4 (mAChR4) on goblet cells and the source of acetylcholine has been hypothesized 

to be cholinergic enteric neurons [7,107]. Our group has identified that tight temporal 

regulation of colonic GAPs is required for appropriate immune development in neonatal 

mice [105]. Specifically, inhibition of colonic GAPs during days of life (DOL) ~10-21 

prevents the developing immune system from being exposed to commensal luminal antigens 

and developing appropriate tolerogenic response [105]. In contrast, open colonic GAPs 

before DOL10 facilitate pathologic bacterial translocation and clinical sepsis in mouse 

models [108].

Acetylcholine induces GAP formation by binding to the mAChR4 expressed on goblet 

cells [107]. GAP inhibition is primarily driven by epidermal growth factor receptor (EGFR) 

signaling causing decreased sensitivity of the goblet cell to mAChR4 activation. In the 

absence of mAChR4, and hypothetically acetylcholine, GAPs do not form. While the 

precise source of the acetylcholine available to goblet cells to induce GAPs has not been 

identified, the enteric nervous system is known to influence other aspects of goblet cell 

function including mucus secretion [101,102,104]. While a variety of immune cells also 

produce acetylcholine, enteric neurons have been hypothesized to provide the acetylcholine 

necessary to open GAPs [7]. Mouse models of HSCR are associated with abnormal goblet 
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cell function and retained mucus, suggesting the consequences of the absence of the enteric 

nervous system stimulating goblet cell secretion [104]. The ENS in HSCR is commonly 

abnormal in the remaining bowel after resection of the distal aganglionic section, resulting 

in persistent defects in motility and barrier function [109,110]. Quantifying GAPs in the 

intestine in patients or mouse models of HSCR would be one opportunity to identify the 

role in enteric neurons regulating GAPs. It will be important to consider the role of extrinsic 

vagal afferents in identifying the role of intrinsic enteric neuron signaling to goblet cells in 

intestinal homeostasis and disease.

Concluding Remarks

Neuroimmune interactions are important regulators of intestinal homeostasis in adults, and 

emerging evidence demonstrates they have a vital role during early development as well. 

Given the massive cellular turnover and maturation of the microbiota, ENS and mucosal 

immune cells in the neonatal period, it seems likely that major differences exist between 

the interactions among these systems during this period than those identified in adults. 

Macrophages, ILCs, and goblet cells are all important cells of the intestinal mucosal immune 

system with known microbiota-dependent interactions with the adult ENS. Given that 

antibiotic exposure and dysbiosis disrupts neuron/immune cell crosstalk, it is conceivable 

that this disruption contributes to the enhanced risk of NEC and LOS associated with early 

life antibiotic exposure. Still, but many questions regarding development and malleability of 

early life neuroimmune interactions remain (see Outstanding Questions). More investigation 

is necessary to identify how neuroimmune interactions can be fostered in the neonatal 

period in the setting of perturbations of antibiotics and help mitigate the increased risk of 

potentially lethal diseases.
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Outstanding Questions:

• Given that the mammalian ENS develops rostral to caudal and outside 

to inside (myenteric plexus before submucosal plexus), is development of 

different regions of the ENS differentially impacted by the microbiota in early 

postnatal life?

• Does early life antibiotic exposure impact CSF-1 production by enteric 

neurons and BMP2 production by muscularis macrophages?

• Do early life antibiotics disrupt neurotransmitter (e.g. acetylcholine and 

VIP) release? Enteric neurons have altered excitability under germ-free and 

dysbiotic conditions. This will alter action potential frequency, and therefore 

could impact acetylcholine and VIP release, which in turn could impact 

macrophage, ILC3 and goblet cell function.

• Is goblet cell AMP production altered in HAEC? Given that enteric neurons 

constitutively produce IL-18 to promote goblet cell AMP production, the 

absence or impaired function of enteric neurons in HSCR could weaken 

barrier defense. This could contribute to the risk of HAEC and therefore 

represent an avenue for future treatments.
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Highlights

• Enteric neurons have dynamic relationships with intestinal macrophages, 

ILC3s, and goblet cells with mutual effects on each other’s function that 

shape regulation of intestinal homeostasis.

• Neurons and immune cells signal to each other via cytokines, growth factors, 

and neurotransmitters, and these signaling methods change through the 

neonatal period into adulthood.

• Early life antibiotic exposure alters ENS and mucosal immune system 

development, but the effect on neuroimmune interactions is not fully 

understood.

• Greater understanding of how neuroimmune interactions develop in the 

neonatal period will help identify novel strategies to mitigate the deleterious 

effects of early life antibiotic exposure.
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Figure 1: Basic Anatomy of the Enteric Nervous System.
The ENS is organized into two plexuses: the myenteric plexus (located between the 

circular and longitudinal muscle layers) and the submucosal plexus (located closer to the 

lumen, deep to the mucosa). Neurons are organized into ganglia. Myenteric motor neurons 

(green) project to the muscle layers to coordinate the contraction and relaxation required 

for peristalsis. Sensory neurons (pink) in both plexuses have projections to the luminal 

surface to detect intestinal contents. Submucosal secretomotor neurons (purple) project to 

the epithelial layer to coordinate secretion, absorption, and local blood flow. Additional 

neurons (blue) connect ganglia to each other within and between plexuses. Glia (yellow) 

are present throughout the bowel wall and are necessary for ENS function. Figure generated 

using BioRender.com.
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Figure 2: Enteric Neuron/Macrophage Crosstalk.
Enteric neuron and tissue resident macrophages have several mechanisms of communication 

to regulate intestinal homeostasis. One mechanism is symbiotic production of growth 

factors. Muscularis macrophages produce the enteric neuron growth factor BMP2 while 

enteric neurons and glia secrete CSF-1, an important growth factor for macrophages. In 

colons of antibiotic treated mice, there is a reduction in number of macrophages and 

subsequently in the level of BMP2, demonstrating that this relationship is microbiota 

dependent. This results in slower motility and abnormal smooth muscle contraction. 

Additionally, cholinergic enteric neurons signal to neuron associated macrophages in the 

lamina propria. Acetylcholine binds to the nAChR receptor on macrophages, inducing an 

anti-inflammatory phenotype and low levels of IL-23 production. Figure generated using 

BioRender.com.
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Figure 3: Enteric Neuron/ILC3 Crosstalk.
VIP-expressing enteric neurons are activated by feeding and other stimuli. VIP activates 

ILC3s via VIPR2 activation, inducing IL-22 expression and promoting host defense. This 

pathway is most effective in the presence of alarmins, i.e. in the setting of an enteric 

pathogen. Enteric glia activate RET expressing ILC3s by producing RET ligands in a 

microbiota-dependent manner. Glia and other cells in the intestine also express RET 

co-receptors to allow trans-activation of RET signaling ILC3s, which do not express the 

co-receptors autonomously. Figure generated using BioRender.com.
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Figure 4: Enteric Neuron/Goblet Cell Crosstalk.
Enteric neurons produce the cytokine IL-18 constitutively. This induces goblet cells to 

produce antimicrobial proteins under homeostatic conditions and promotes host defense 

in the context of Salmonella infection. Goblet cells can also form portals, known as 

goblet cell associated antigen passages (GAPs). GAPs facilitate physiologic and pathologic 

translocation of luminal bacteria and presentation to antigen presenting cells. Goblet cells 

are induced to form GAPs by acetylcholine activation of the mAChR4 receptor. Cholinergic 

enteric neurons have been hypothesized as an important source of acetylcholine for GAP 

activation. Figure generated using BioRender.com.

Schill et al. Page 22

Trends Neurosci. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://BioRender.com


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Schill et al. Page 23

Table 1

Immune mediators and receptors expressed by enteric neurons and their observed roles in intestinal 

homeostasis.

Receptor Phenotype References

TLR2
TLR2 −/− have reduced GDNF levels causing abnormal ENS architecture, neuronal subtype
specification, delayed transit time, and abnormal mucosal secretion [44]

TLR4 TLR4 −/− mice have prolonged intestinal motility, decreased nNOS neurons [35]

TLR9 Promotes macrophage chemoattraction and secretion of proinflammatory cytokines. [45]

MyD88
ENS-specific deletion of MyD88 causes prolonged intestinal motility and decreased nNOS
neurons [35]

TGR5 TGR5 −/− mice have slower colonic transit [111]

IL-4Rα Signaling activated by IL-4, IL-13, potentially involved in infection mediated hypermotility [41,112,113]

TNF SRF
TNFα signaling promotes neuronal production of neuropeptide Y and influences intestinal
inflammation and motility [114]

TGFβR TGFβ signaling induces neurite outgrowth in cultured neurons [115]

Mediator

IL-6 Inhibits Rorγ Treg induction in a microbiota dependent manner in adults [48]

IL-18 Induces goblet cells to produce antimicrobial peptides in adults [49]

CSF-1 Facilitates crosstalk between ENS and macrophages, increases with age [54]
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