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Abstract

Made up of millions of enteric neurons and glial cells, the enteric nervous system (ENS) is in a 

key position to modulate the secretomotor function and visceral pain of the gastrointestinal tract. 

The early life developmental period, through which most of the ENS development occurs, is 

highly susceptible to microenvironmental perturbation. Over the past decade, accumulating 

evidence has shown the impact of stress and early life adversity (ELA) on host gastrointestinal 

pathophysiology. While most of the focus has been on alterations in brain structure and function, 

limited experimental work in rodents suggest that the enteric nervous system can also be directly 

affected, as shown by changes in the number, phenotype and reactivity of enteric nerves. The work 

of Medland et al in the current issue of this Journal demonstrate that such alterations also occur in 

pigs, a larger mammalian species with high translational value to human, This work also 

highlights a sex-differential susceptibility of the ENS to the effect of ELA, which could contribute 

to the higher prevalence of GI disorders in women. In this mini-review we will discuss the 

development and composition of the ENS and related gastrointestinal sensory-motor and secretory 

functions. We will then focus on the influence of stress on the enteric nervous system, with a 

particular emphasis on neurodevelopmental changes. Finally, we will discuss the influence of sex 

on those parameters.
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Introduction

Since the early description of the general adaptation syndrome by Hans Selye (1), the 

physiological adaptations following acute and chronic stress responses have been well 

characterized. Evidence show that stress stimulus triggers rapid, short, delayed or long 

lasting responses through multiple interacting mechanisms to maintain homeostasis (2). 

Failure to engage the appropriate response to stress has been implicated as an important 
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factor in the onset and exacerbation of a wide range of disorders, including depression (3) 

and functional gut diseases such as irritable bowel syndrome (IBS)(4). One of the vulnerable 

periods where stress could lead to long lasting maladaptive responses is the early life 

developmental period (5, 6). Given the brain is the central organ orchestrating the stress 

response, studies on mechanisms of early life adversity (ELA)-induced maladaptation 

focused on the brain structural and functional changes. There is now strong evidence that 

ELA causes modulates dendritic sprouting in distinct brain regions (5). Whether comparable 

changes occur in peripheral tissues namely in the gastrointestinal tract (GIT) that is endowed 

with the enteric nervous system (ENS) exhibiting a strikingly similar repertoire of neurons, 

nerve fibers, glia, neurotransmitters and modulators to that in the brain, is not known. In this 

issue of Neurogastroenterology & Motility, Medland et al. (7) using an ELA model of early 

weaning stress (EWS) in pigs, where newborns are weaned on day 15 instead of day 28 

(normal weaning)(8), demonstrate, for the first time in a large mammalian species, a 

sustained modulation of ileal enteric neuron number, phenotype, neuronal enzyme activity 

and mucosal epithelial cell neurosecretory functions. They also highlight a key contribution 

of sex to those alterations. In this mini-review, we will discuss the development and 

composition of the ENS and related gastrointestinal sensory-motor and secretory functions. 

We will then focus on the influence of stress on the enteric nervous system, with a particular 

emphasis on neurodevelopmental changes. Finally, we will discuss the influence of sex on 

those parameters.

The enteric nervous system

The mammalian GIT, in addition to its complex digestive functions, has several unique 

features. It is the largest single cell layer interface (mucosal epithelium) providing barrier 

functions; the largest immune response reservoir of the body and; is the seat of a unique and 

complex intrinsic neural network. The later, the ENS dubbed also as “Little Brain” is 

embedded in the gut wall and is the most complex division of the peripheral nervous system 

(9). Key component of the gut, it coordinates inordinate functions including mixing and 

propagation of gastrointestinal luminal contents, supply of digestive enzymes, absorption, 

fluid exchanges, storage and excretion, secretions of enteric neuroendocrine and epithelial 

cells, barrier function, immune responses and blood flow (9, 10).

Composition, embryonic origin and organization of ENS

In mammals, the ENS is composed of a considerable number of neurons (over 80–100 

million in rodents and 400–600 million in humans)(11) that can be grouped into about 20 

identifiable neuronal types (12), enteric glia (up to 4–7 times more numerous than neurons) 

(13) and a network of nerve fibers communicating and projecting to effector tissues (11).

The enteric neurons and glial cells that form the ENS originate from the neural crest - one of 

the three types of cells of ectoderm germ line - and migrate cranio-caudally to populate the 

entire digestive tract (14). Migration, organization and maturation of these cells within the 

gut tissue continues during gestation and even after birth in some species (14) suggesting 

that factors that affect migration and organization during the perinatal period could have 

long term effects on the development of ENS.
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The ENS is organized roughly into two major ganglionated plexuses and several small 

aganglionated plexus (9, 11). The neurons are clustered in the myenteric plexus (Auerbach) 

located between the longitudinal and circular muscle layers and the submucosal plexus 

(Meissner) as a single layer (small animals) or two to three layers (large animals and 

humans) sandwiched between the submucosal matrix and external circular smooth muscle 

layer tunica muscularis (9, 11). The enteric glia populations are distributed around all classes 

of neurons in the ENS plexi and in the mucosa beneath the epithelium (13).

Functionally, ENS neurons can be identified as motor neurons, intrinsic sensory or intrinsic 

primary afferent neurons (IPANs) and interneurons, although different classes of 

interneurons are reported to have sensory functions (15), while mechanosensitive neurites 

are shown to have afferent and efferent functions (16). The ENS neurons code and use over 

30 neurotransmitters/mediators that are similar to those present in the central nervous system 

(17). Cholinergic and nitrergic neurotransmissions are among the most abundant in the ENS 

and play key roles in the secretomotor, mucosal barrier and immune responses of the human 

gut (17).

ENS Role: motility, secretion, barrier function

ENS neurons interact with each other as well as with enteric smooth muscle cells, enteric 

glial cells (EGC), enterocytes, neuroendocrine cells (enterochromaffin cells or ECC), 

immune cells, interstitial cells of Cajal (ICCs) and extrinsic nerves to control almost all gut 

functions (11).

The submucosal plexus regulates the movement of water and electrolytes across the gut wall 

through intrinsic reflex circuits involving secretomotor neurons innervating the mucosa. On 

the other hand the myenteric plexus plays role in coordinating the contractility of the 

circular and longitudinal smooth muscle cells throughout the digestive tract (9).

Over the past decade, evidence has accumulated showing the role of EGC in the control of 

motility (13), mucosal barrier function (18) and as the cellular and molecular bridge between 

nerves, epithelial cells and ‘neuropods’ (13).

Developmental changes and plasticity of ENS

For the ENS to accomplish the above tasks, in an environment under constant threat from 

within and outside, requires not only a functional microcircuit but also a considerable 

capacity to adapt to developmental changes (age, sex) and environmental challenges 

(metabolic, circadian, noxious stimuli, trauma, inflammation, stress, etc…). During the 

neonatal period, the ENS goes through a stage of “pruning” (19), which removes excess 

neurons generated during development. Postnatally, microbial colonization, immune system 

development and aging continue to shape the ENS (20, 21). Plasticity following 

microenvironment changes within the gut tissue such as during inflammation are also well 

documented (22). The fact that neural crest derived enteric stem cells are present in the pre-, 

postnatal, and adult gut suggests also these cells enable ENS to adapt to developmental or 

environmental challenges (23). Equally relevant is the plasticity of enteric glia in response to 

systemic or local challenges (24).
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Enteric nervous system and stress

Plethora of preclinical work show that various types of stressors (exteroceptive, 

interoceptive), applied at different stages of life (early life, adolescence, adulthood) can 

significantly affect the GIT, leading to alterations in secretomotor and visceral pain functions 

in rodents and pigs (25, 26). An increasing number of reports, to which the work of Medland 

et al. (7) adds up, suggest these effects may be partly due to changes in ENS plasticity and 

phenotype, especially when stress is applied during the sensitive perinatal period.

Stress signaling system in the ENS

Stress effects on the body and the GIT are mediated by corticotropin-releasing factor (CRF) 

via activation of two types of G-protein coupled receptors: CRF type 1 (CRF1) and CRF 

type 2 (CRF2) (27). Both CRF1 and CRF2 are expressed throughout the GIT of mammals. In 

rodents, CRF1 and its ligands (CRF and Ucn1) are present in the colon and ileum at the gene 

and protein levels in various cell types including neuronal (ENS), endocrine (ECC) and 

immune cells (mast cells, eosinophils, T-helper lymphocytes in the lamina propria). The 

CRF2 ligands (Ucn2 and Ucn3) and CRF2 are also expressed in the colon of rodent. CRF2 

are localized at the gene and protein levels in cells of the rodent colonic ENS although less 

prominently than that of CRF1 (27). Transcripts of urocortins and CRF2b, the most common 

isoform in the periphery, are detected in myenteric neurons(28).

In humans, CRF1 and CRF2 are present in the colonic ENS (3). CRF1 and CRF2 are also 

localized in human colonic lamina propria mononuclear cells (macrophages), subepithelial 

mast cells and epithelial cells supporting a local action to influence neuronal and immune 

responses (27). CRF and Ucn1 are present in the mucosa, macrophages and ECC, while Ucn 

3 is located in ECC, EGC and the ENS (3).

Influence of stress on ENS structure, development and function

Extensive works support a role for stress in alterations of epithelial secretion in rodents and 

show a major influence on cholinergic neurons. Previous work demonstrated that stress in 

the form of neonatal maternal separation stress (NMS) increases colonic mucosal nerve fiber 

density (29) and cholinergic neurons in the colon of weanling rats (30). This results in 

abnormal cholinergic regulation of epithelial permeability an effect mediated by CRF via 

activation of CRF2 on cholinergic neurons (30). Alterations in the structure and composition 

of the ENS have also been found in adult male rats exposed to 28 days of heterotypic 

chronic and acute stress which exhibit an increase in cholinergic and VIPergic neurons in 

ileal submucosal plexus, while in the myenteric plexus, the number of NOS-positive neurons 

is decreased (31). In this issue, Medland et al. (7) add to the existing literature by 

demonstrating for the first time using EWS that this effect is reproducible and long lasting in 

a larger mammalian species (pigs) which has translational relevance for humans (8). 

Additionally, they show that there is a sex-specific hypersensitivity of secretomotor neuron 

function and upregulation of the cholinergic ENS which occurs in females exclusively (7). 

The mechanisms behind this sex difference are not fully understood yet and further work is 

needed to uncover them, but these data suggest a higher susceptibility of females to the 

effects of ELA, which could explain the preponderance of functional GI disorders in women. 
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Whether ELA also affects enteric glia function and plasticity is unknown and will be 

important to address in future studies.

Enteric nervous system and sex

Sex differences of phenotype include direct effects of gonadal hormones - at either 

organizational or activational levels - and of genes represented unequally in the genome 

because of their X- or Y-linkage (32). The influence of sex on the ENS has been poorly 

studied so far and remains an attractive area of investigation.

Sex hormones and ENS

Sex hormones (estradiol, testosterone) secretion in mammals is under the control of the 

hypothalamo-pituitary-gonadal (HPG) axis which encompasses the hypothalamic secretion 

of gonadotropin-releasing hormone (GnRH), activation of the pituitary GnRH type I 

receptor (GnRH-R) with subsequent secretion of gonadotropins: follicle-stimulating 

hormone (FSH) and luteinizing hormone (LH)(33). In turn, FSH via FSH receptor (FSH-R) 

stimulates the ovarian follicle and estrogen production in women and spermatogenesis in 

men (34). LH via LH receptor (LH-R) stimulates ovulation and secretion of progesterone in 

women and androgen secretion in men (34). Estradiol genomic effects are mediated through 

two estrogen receptors ERα and ERβ while non-genomic effects are linked to GPR30 

activation. Progesterone exerts its effects via activation of receptors PR-A and PR-B, while 

testosterone targets the androgen receptor, AR. Most of these receptors are present in the 

GIT of mammals (35, 36), however their expression in the ENS has not been systemically 

evaluated.

GnRH, LH and FSH

GnRH and GnRH-R—Mammals possess two types of GnRH: GnRH1 and GnRH2. Both 

have neuroendocrine, paracrine, and autocrine functions in a wide range of organs, as well as 

neurotransmitter/neuromodulatory roles in the central and peripheral nervous systems (37). 

There is only one type of GnRH receptor (GnRH-R) expressed in mammals which binds 

both GnRH types (37). No GnRH is secreted from the hypothalamus to the peripheral 

circulation; hence the endogenous effect of GnRH on non-pituitary tissue depends on 

autocrine/paracrine effects.

GnRH1 and GnRH2 mRNAs are expressed throughout the GIT of humans, although GnRH2 

expression is lowest and mainly found in the small intestine (37). In rats, GnRH mRNA is 

present in gastric glands, small and large intestine epithelium, and the pancreas.(38) GnRH 

is expressed in neurons of the human ENS, in the cytoplasm of approximately 50% of the 

myenteric neurons in ileum and colon and in some submucosal neurons, although the exact 

percentage is unknown (39). In rats, GnRH is expressed in parasympathetic ganglion cells of 

the myenteric plexus (38). GnRH mRNA is present in myenteric neurons culture from rat 

small intestine (40).

GnRH-R expression in the GIT is controversial, with some reports suggesting no expression 

(both mRNA and protein) in both man and rat small and large intestine (41), while others 

support the presence of m-GnRH-R like on murine enteric neurons (42).
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The role of GnRH in the gut is not completely elucidated (36) and its influence on enteric 

nerves is controversial, with both continuous stimulation by the GnRH analog buserelin 

found to enhance survival of female rat small intestine myenteric neurons in culture (43) or 

to have no effect (single or multiple applications)(41). On the contrary, GnRH analogs 

administered in vivo lead to the loss of enteric neurons (44).

LH and LH-R—To date, there is no evidence of LH protein or mRNA expression in the 

GIT of human or rat (45). In contrast, LH-R is expressed in submucosal and myenteric 

neurons as well as in EGC, mast cells and endothelial cells of human ileum and colon (46). 

In female rats, LH-R protein is located in enteric nerve cell bodies, with immunoreactive 

fibers found in the smooth muscle layers of fundus, ileum, and colon (45). In the rat fundus, 

ileum and colon, submucous (n.d., 4% and 13%) and myenteric (8%, 9% and 21%) neurons 

are immunoreactive to LH-R, respectively (41, 45).

LH exposure causes reduced neuronal survival of primary enteric neuron cultures in vitro 
(41), a pathway likely involved in the intestinal dysfunction and loss of enteric neuron 

leading to constipation in humans following repeated GnRH exposure (44).

FSH and FSH-R—FSH and FSH-R have not been detected in human or rat GIT (45).

Estrogen receptors: ERα, ERβ and GPR30

ERα and ERβ are found throughout the length of the GIT in mammals, while there is very 

little information available for GPR30 distribution (see (35) for review). In rats and mice, 

ERα and ERβ proteins are present in enteric neurons, within the nucleus and the cytoplasm, 

with some ERα staining reaching the nerve fibers (47, 48). In human, ERβ proteins are 

found in enteric neurons of both myenteric and submucosal plexus (49). Evidence also 

suggests the presence of ERβ on enteric neurons, EGC and ICC, while ERα is only present 

on ICC. There are no data available regarding GPR30 in ENS.

Despite the presence of estrogen receptors on enteric nerves, only very few studies have 

addressed how it directly affect the ENS. A neuroprotective effect of estradiol has been 

established by showing that in vivo administration of estrogen (estradiol or the GPR30 

receptor agonist, G1) protects against MPTP-induced dopaminergic neuron loss by 

inhibiting macrophages infiltration (50). In female rats, estradiol (endogenous or exogenous) 

stimulates myenteric neurons to produce nNOS and causes the recruitment of additional 

neurons to the active nNOS pool in the stomach and colon (51), which may have 

implications in the delay gastric emptying and increased colonic transit time observed in 

pregnancy.

Progesterone receptor

In rodents and bovine, progesterone receptors are only detected in the upper gut and mainly 

located in smooth muscle cells (see (35) for review). In human, PR mRNA expression is 

found in the musculature of normal colon in women (see (35) for review), and on ICC, being 

absent on enteric neurons and EGC, in rectal samples from healthy controls and patients 

with obstruction defecation (52).
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Androgen receptor

In human and bovine GI tract, AR-B is the major isoform compared to AR-A with putative 

overexpression of AR-B proteins in the small gut compared to distal regions, mainly in 

muscles (see (35) for review). There is no evidence of AR expression on enteric neurons.

Sex chromosomes modulation of the ENS

To date, only one study has assessed the role of sex chromosomes in the function or 

structure of the ENS. Done in the context of Hirschprung’s disease, it supports a role for 

SRY, the testis-determinant gene, in the sexual dimorphism of the disease (53).

ELA, sex and the HPG axis

In humans, GnRH is detectable in the hypothalamus by 10 weeks gestational age with FSH 

and LH produced by 10–13 weeks. Gonadotropin (FSH and LH) levels peak at mid-

gestation and then decline towards term due to negative feedback at both the hypothalamus 

and pituitary by the high levels of placental steroids. With the withdrawal of placental 

steroids at birth, gonadotropins rise and remain elevated for the first 1–2 years in girls and 

first 6 months in boys, a period referred to as mini-puberty, with a subsequent decrease for 

the remainder of childhood until puberty (54). This suggests that the HPG axis is 

functionally active and plays a biological role in a sex-dependent manner during early 

childhood (55). Sex differences in HPG axis function are also seen in young rodents (56), 

suggesting a conserved mechanism among species.

In mammals, stressors can alter the HPG axis function, resulting in reduced gonadal steroids 

and, thereby, altered reproductive function (57). Animal studies have indicated that HPA 

hormones down-regulate the HPG axis at all levels, and act primarily on the intermediaries 

(GnRH, LH, FSH)(58). In rodents, CRF limits LH synthesis (59). The literature and studies 

above suggest that alterations in the HPG axis function by stress in the early life 

development period affect the physiology in a sex-dependent manner. In their manuscript, 

Medland et al. (7) argue that sex hormones may not account for the sex differential effect of 

ELA on the ENS because the changes detected in animals were seen before puberty. As 

discussed above, the HPG axis is already fully functional in that developmental period. 

Additionally, because the male pigs used in the study were castrated shortly after birth (9 

days old), the effect of stress on the HPG axis may have been lost in males while conserved 

in females (7). Using intact males could help clarify some of the underlying mechanisms 

involved in this sex difference.

Clinical relevance to IBS

Whether the alterations in ENS induced by stress in animal models also occur in humans is 

currently unknown. Nevertheless, there is evidence that mucosal biopsies from IBS patients 

exhibit neural outgrowth and that the supernatants collected from these biopsies can increase 

neurogenesis in enteric neurons primary cultures (60). Further investigations are warranted 

to understand mechanisms through which stress affects the ENS, whether there is a key 

period to produce those changes and more importantly, whether these alterations are 

reversible once established. As shown by Medland et al.(7) in this issue and as discussed in 
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this mini-review, the inclusion of sex as a biological variable and addressing its action at all 

levels (gonadal, chromosomal) in these studies will be key to deepen our understanding and 

develop potential therapies that will benefit patients.
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Abbreviations

CRF corticotropin-releasing factor

CRF1 CRF receptor type 1

CRF2 CRF receptor type 2

ECC enterochromaffin cells

EGC enteric glial cells

ELA early life adversity

ENS enteric nervous system

ERα estrogen receptor α

ERβ estrogen receptor β

EWS early weaning stress

FSH follicular stimulating hormone

FSH-R FSH receptor

GIT gastrointestinal tract

GnRH gonadotropin-releasing hormone

GnRH-R GnRH receptor

HPG hypothalamo-pituitary-gonadal

IBS irritable bowel syndrome

ICC interstitial cells of Cajal

IPANs intrinsic primary afferent neurons

ISP inner submucosal plexus

LH luteinizing hormone

LH-R LH receptor
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NMS neonatal maternal separation stress

NOS nitric oxide synthase

OSP outer submucosal plexus

VIP vasoactive intestinal peptide
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Key Points

- The enteric nervous system (ENS) orchestrates various gastrointestinal 

functions: digestion, motility, secretion, permeability, immune and 

nociception.

- The differentiation, organization and development of the ENS occur 

throughout the perinatal period which is highly susceptible to 

microenvironmental changes.

- Early life adversity (ELA) affects the enteric nervous system development, 

phenotype and function in a sex dependent manner, with females being 

more sensitive, which may have implications for the higher prevalence of 

functional gastrointestinal disorders in women.
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Figure 1. Pathways involved in the influence of early life adversity (ELA) on enteric nervous 
system plasticity (phenotype, number, chemical codes, activity)
Both the brain and the gut are affected by ELA. Centrally, ELA can modulate the HPA axis 

and the ANS which can in turn impact on the ENS plasticity. ELA also affects the HPG axis. 

Age and sex affect brain and gut development, as well as the HPA axis, HPG axis and ANS. 

While sex hormones (estradiol, progesterone, testosterone) are absent from the body from 

birth to puberty, the HPG axis is active in neonates (GNRH/LH secretion) in a sex-

dependent manner. The ENS expresses sex hormones and gonadotropin hormones receptors 

supporting its direct modulation by the HPG axis.
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