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Abstract

The enteric nervous system is a specific part of the autonomic nervous system, whose role is mainly concerned with ensur-
ing the proper functioning of the gastrointestinal tract. Numerous scientific studies show that the enteric nervous system 
plays many roles: it is responsible for peristalsis of the gastrointestinal tract, controls gastric acid secretion, regulates fluid 
permeation through the lining epithelium, controls local blood flow, and interacts with the immune and endocrine systems 
of the gut. Enteric nervous system failure or dysfunction can cause a number of intestinal neuropathies. These can be con-
genital or acquired neuropathies including those accompanying other conditions such as gastroparesis, achalasia, Crohn’s 
disease, Chagas disease and many others, including neurodegenerative diseases. This article is a review of the literature and 
provides a comprehensive study of the enteric nervous system in normal conditions and numerous clinical conditions.

Introduction

The enteric nervous system (ENS), a specific part 
of the autonomic nervous system [1–3], is a complex, 
extensive structure consisting in humans of approxi-
mately 400–600 million neurons. These form a range 
of morphological and functional groups organized in 
a plexiganglionic system located in the walls of the di-
gestive tract from the  esophagus to the  anal canal. 
The  level of  development of  the  ENS varies with 
the  section of  the  digestive tract; it is most strongly 
developed in the  small and large intestines, and in 
the plexuses of the muscular membrane (such as Au-
erbach’s plexus) and of the submucosa (such as Meiss-
ner’s plexus). It is slightly less developed in other 
parts. The  ENS is connected to the  central nervous 
system (CNS) through the vagus nerve and the thora-
columbar and lumbosacral nerves [2, 4, 5].

The enteric system fulfils a range of complex roles 
– peristaltic, secretory, and immunological – while 
also regulating local blood flow. This system is sup-
ported by peripheral glial cells, the so-called enteric 
glia, which assist the  ENS in maintaining epithelial 
barrier integrity, regulating intestinal inflammation, 
and interacting with the intestinal microbiota [2, 4, 6].

It is known how important the  role of  the  ENS 
is in the correct functioning of  the digestive system 
and in its disease states, which include irritable bowel 
syndrome, slow transit constipation, gastroparesis, 
and short bowel syndrome [6, 7]. It therefore seems 

appropriate to present an up-to-date review of the lit-
erature on both the  general structure and function 
of the ENS in normal conditions, as well as its role in 
various pathological conditions. 

History of ENS research

The  structures of  the  intestinal plexuses were 
known in the  nineteenth century and were named 
then by Georg Meissner and Leopold Auerbach. In 
1899, Bayliss and Starling described the  functions 
of  these plexuses and presented the  so-called “law 
of the intestine”, which describes the peristaltic abili-
ties of the ENS, independent of the CNS. The operation 
of this law was noted again by Trendelenburg in a com-
pletely isolated guinea pig intestine [2, 7]. At the same 
time, Dogiel and Cajal drew up the first classification 
of  the  neurons found in the  enteric plexuses. Over 
time, attention was drawn to the similarity of this part 
of the autonomic system to the brain. Robinson was 
the first to note this in 1907 [7]. In the 1960, Geoffrey 
Burnstock discovered that ENS neurons contain other 
neurotransmitters alongside noradrenaline (NA) and 
acetylcholine (ACh). This discovery initiated a series 
of studies of neurotransmission in the enteric nervous 
system. In 1995, Gershon demonstrated the presence 
of  serotonin in ENS neurons [7]. Today, a  number 
of cotransmitters and neuromodulators, including gas-
eous substances (NO and CO), are known to be present 
in the structures of the ENS [1, 6, 8].
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Development of ENS structures

The  development of  the  peripheral nervous 
system, including the  intestinal system, begins in 
the fourth week of the prenatal period. ENS neurons 
(as well as enteric glia) migrate to the periphery from 
the  neural crests. The  population of  precursor cells 
migrating to the esophagus and gastric cardia origi-
nates from the  trunk segments of  the  neural crest. 
In turn, neuroblasts for the  intestines come mainly 
from somites 1–7, which also serve as the  sources 
for the  vagus nerve. A  small number of  neuroblasts 
originate from the sacral section of the neural crests 
(behind the twenty-fourth somite): these neuroblasts 
mainly inhabit the  lower part of  the  large intestine. 
Genetic labeling studies have shown that precursor 
cells migrate in waves, along specific paths, before 
the descending nerve fibers, and particularly the va-
gus nerve [7, 9, 10]. The migration of neuroblasts takes 
place with the participation of many trophic factors. 
One of  the  most important factors is the  glial cell 
line-derived neurotrophic factor (GDNF), produced 
by the  intestinal mesenchyme. This binds to the α1 
protein molecule and affects RET (Rearranged during 
Transfection), the  precursor cell receptor. Mutation 
of the gene that encodes RET leads to Hirschsprung’s 
disease [10]. Other factors that activate RET receptors 
include neutrin (NTN), artemin (ART), and persephin 
(PSP). Moreover, the Mash-1 transcriptional regulator, 
which is involved in the formation of the noradrener-
gic system, affects the differentiation of ENS neurons, 
mainly in the esophagus.

Some of  the  precursor cells of  the  intestinal sys-
tem are subject to the action of neurotrophin 3 (NT-3) 
and endothelin 3 (ET-3). The SOX proteins, and par-
ticularly SOX-10, also indirectly play a role in the de-
velopment of the ENS. The mutation of the gene re-
sponsible for SOX-10 may additionally contribute to 
the development of Hirschsprung’s disease [1, 10].

Precursor cells originating from the vagal section 
of  the neural crest migrate caudally in the  intestine, 
giving rise to Auerbach’s plexus. Some of  these cells 
move into the intestinal tube, giving rise to Meissner’s 
plexus. Some neuroblasts separate from the intestinal 
tube and reach the pancreatic bud, forming the future 
intrapancreatic ganglia [1, 5]. 

Morphology of the ENS

The  entire structure of  the  intestinal nervous 
system is based on two ganglia-containing plexuses: 
the  muscular membrane of  the  intestine, i.e., Auer-
bach’s plexus, and the mucous membrane, i.e., Meiss-
ner’s plexus [2, 7, 8]. Auerbach’s plexus (the myenteric 
plexus) mainly contains neurons responsible for mo-
tor activity and control of enzyme release from adja-
cent organs, while Meissner’s plexus (the submucosal 
plexus) mainly contains sensory cells that transmit in-

formation to muscle neurons, as well as neurons and 
motor fibers that stimulate the secretion of crypt epi-
thelial cells into the intestinal lumen. The submucosal 
plexus in humans consists of two parts: the internal 
part, located near the muscular layer of  the mucosa, 
and the  external part, also known as Schabadasch’s 
plexus, located more peripherally, next to the circular 
muscular layer of the intestinal muscular membrane.

Parasympathetic fibers reach the  plexuses via 
the  vagus nerves (Figure 1). As studies employing 
retrograde transport show, a  significant number 
of  the  nerve fibers contained in the  X nerve that 
reach the lower part of the esophagus, stomach, and 
intestines come from the  dorsal nucleus of  the  va-
gus nerve. In addition, a few fibers from the nucleus 
of the solitary tract and the nucleus ambiguus reach 
the  entire gastrointestinal tract through this route  
[11, 12]. In addition to the “vagal” fibers, parasympa-
thetic components also reach the  large intestine via 
the pelvic nerves.

Preganglionic sympathetic neurons that innervate 
the stomach and intestines originate from the  inter-
mediate–lateral nuclei of  the  thoracic spinal cord; 
those for the  stomach come from segments Th 6–9, 
those for the small intestine from segments Th 9–10, 
and those for the  large intestine from Th 11–12 [12, 
13]. Preganglionic sympathetic neurons send fibers 
first to the sympathetic ganglia of the abdominal cav-
ity (visceral and mesenteric), and from these the post-
ganglionic fibers depart to the digestive system. From 
the celiac ganglion they reach the stomach via the ce-
liac trunk, and the duodenum and part of the jejunum 
via splanchnic nerves. The remaining part of the in-
testine receives sympathetic fibers from the superior 
and inferior mesenteric ganglion [11, 12]. 

Types of neurons in the ENS
The plexuses of the enteric system contain a num-

ber of  groups of  neurocytes that are differentiated 
both morphologically and functionally (Figure 1). To 
simplify the situation somewhat, there are five main 
groups of neurons: sensory intrinsic primary afferent 
neurons, interneurons, motor neurons, intestinofugal 
neurons, and interstitial neurons. ENS structures also 
contain glial cells [14].

Sensory intrinsic primary afferent neurons 

Sensory innervation of  the  stomach and intes-
tines comes from two sources: external and internal. 
The extrinsic sensory neurons originate from the sen-
sory vagal ganglia and the  sensory spinal ganglia. 
The intrinsic sensory neurons are located in both in-
testinal plexuses and are called intrinsic primary af-
ferent neurons (IPANs). These occur in both the mus-
cular and submucosal plexuses. Approximately 25% 
of all neurons in the submucosal plexuses are IPANs. 
They have a  round or oval shape, a  short axon, and 
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several longer dendrites; they are of  type II in Do-
giel’s classification. IPAN neurons have three types 
of  receptors: mechanoreceptors, thermoreceptors, 
and chemoreceptors. They form synaptic connections 
with interneurons and thus transfer information to 
ENS motor neurons. They participate in local reflexes 
that regulate fluid secretion, intestinal peristalsis, and 
the  circulation of blood and lymph. They also react 
with intestinal cells of  the  endocrine and immune 
systems. Sensory IPANs use various neurotransmit-
ters: those in the  myenteric plexus mainly employ 
substance P (SP), while those in the submucosal plex-
us use tachykinins, including both SP and ACh. Most 
are also immunoreactive to calbindin [1, 15, 16].

Interneurons

Interneurons are neurons that mediate the trans-
mission of  stimuli from the  IPAN sensory neurons 

to the  motor neurons. They are located mainly in 
the plexuses of the muscle membrane and are gener-
ally type I neurons in Dogiel’s classification, having 
long axons and a  number of  short dendrites. A  few 
interneurons are of  Dogiel type III, having long ax-
ons and a few not very long dendrites. These fall into 
two groups, depending on the  direction of  conduc-
tion: ascending interneurons (conducting orally) and 
descending interneurons (conducting caudally). As-
cending interneurons make synaptic contact only with 
neurons of the muscular ganglia, while descending in-
terneurons form synaptic connections with motor neu-
rons of both the submucosal plexus and the myenteric 
plexus. Most of the input to the ascending interneu-
rons comes from IPANs, while only some comes from 
other ascending interneurons. In contrast, descending 
interneurons receive very little input from IPAN cells 
and much more input from other descending interneu-
rons. Descending interneurons are therefore believed 

Figure 1. Location of ENS neurons and their types and interrelationships. (According to various authors)

A – arteriole, AI – ascending interneurons, CM – circular muscle, CNS – central nervous system, DI – descending interneurons, EC – exci-
tatory circular muscle motor neurons, EL – excitatory longitudinal muscle motor neurons, IC – inhibitory circular muscular motor neurons, 
IL – inhibitory longitudinal muscle motor neurons, ICC – interstitial cells of Cajal, IFAN – intestinofugal neurons, IPAN – intrinsic primary 
afferent neurons, LM – longitudinal muscle, M – mucosa, MP – myenteric plexus, MMN – mucosal motor neurons, PVG – prevertebral gan-
glia, SN – secretomotor neurons, SP – submucosal plexus, SYN – sympathetic nerves, VN – vagal nerve.
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to be strongly involved in the migrating myoelectric 
complex (MMC) of the small intestine [2, 15, 17, 18].

The  main neurotransmitters of  interneurons are 
ACh and somatostatin (SOM). The ascending group in-
cludes a few cholinergic neurons, while the descending 
group has many. A number of specific substances act 
as cotransmitters of  intermediary neurons: serotonin 
(5-HT), nitric oxide (NO), vasoactive intestinal peptide 
(VIP), calcitonin gene related peptide (CGRP), dynor-
phin (DYN), g-aminobutyric acid (GABA), neuropeptide 
Y (NPY), and ATP [1, 2, 14].

Motor neurons

ENS motor neurons innervate muscle layers, 
the walls of the internal arterioles, and the intestinal 
epithelium, including secretomotor and endocrine 
cells. Morphologically, they are classified as Dogiel 
type I neurons. Functionally, they may be either ex-
citatory or inhibitory neurons, similarly to the inter-
neurons that conduct towards the oral cavity (the as-
cending interneurons) and those that conduct in 
the  caudal direction (the  descending interneurons). 
They are divided by origin into extrinsic neurons 
(sympathetic and parasympathetic) and intrinsic 
neurons [1, 17]. Motor neurons can be divided into 
a number of groups by their target sites:
1. �Neurons supplying the longitudinal muscles (excit-

atory and inhibitory)
2. �Neurons supplying circular muscles (excitatory and 

inhibitory)
3. �Neurons supplying the muscular layer of  the mu-

cosa (excitatory and inhibitory)
4. Neurons innervating entero-endocrine cells
5. �Neurons innervating HCl-secreting cells (only in 

the stomach)
6. Cholinergic secretomotor/vasodilator neurons
7. Noncholinergic secretomotor/vasodilator neurons
8. Nonvasodilator secretomotor neurons

Types 1 to 5 are located in the muscular ganglia, 
while the remaining groups of neurons are found in 
the  submucosal ganglia. Muscle motor neurons are 
responsible for mixing food with digestive enzymes, 
stomach emptying, and intestinal peristaltic move-
ments. The peristaltic wave runs in the caudal direc-
tion, which is the  result of  the  fact that inhibitory 
motor neurons (which relax intestinal contraction) 
direct the passage of food. Under normal conditions, 
inhibitory motor neurons conduct stimuli in the cau-
dal direction, not the oral direction. Sometimes the di-
rection of passage may be reversed, causing vomiting. 
The  main neurotransmitters for excitatory motor 
neurons are ACh and SP (conditional opioids), while 
those for inhibitory motor neurons are NO, VIP, ATP, 
pituitary adenylate cyclase activating peptide (PACAP), 
GABA, and NPY [1, 18].

Abnormal stimulation or inhibition of the autonom-
ic system leads to disorders in the functioning of the di-

gestive tract, such as when the sympathetic part inhibits 
the release of ACh and other neurotransmitters [2]. 

The  secretomotor and endocrinomotor neu-
rons are located mainly in the submucosal plexuses. 
The main function of the secretomotor neurons, both 
cholinergic and noncholinergic, is to secrete chloride 
ions into the  intestinal lumen, drawing water mole-
cules with them. The  noncholinergic type uses VIP 
or a related peptide as its primary neurotransmitter, 
while the cholinergic type uses ACh and acts on mus-
carinic receptors in the intestinal mucosa.

Vascular secretomotor neurons regulate blood flow 
in the walls of the gastrointestinal tract and use either 
ACh or VIP and NPY, as the main neurotransmitter.

The  main neurotransmitters of  enteroendocrine 
cells are cholecystokinin (CCK), secretin, SOM, 5-HT, 
gastrin, and glucagon-like peptide-2 (GLP-2) [2, 19, 20]. 
GLP-2 plays an important role in glucose transport [21].

Intestinofugal neurons

Intestinofugal neurons (IFANs) are a subset of neu-
rons located primarily in the ganglia of the myenteric 
plexus, which send their nerve fibers to ganglia out-
side the  ENS (usually the  sympathetic prevertebral 
ganglia: the splanchnic or mesenteric ganglia) [16, 17]. 
There are varying numbers of IFAN neurons in the in-
dividual parts of  the  gastrointestinal tract; most are 
located in the final section of the digestive tract. They 
receive stimulation in two ways: through mechano-
receptors that are sensitive to the stretching of the in-
testinal wall and through sensory neurons that form 
synapses with IFAN cells. Intestinofugal neurons are 
thus not primary neurons, and somewhat resemble 
interneurons in this respect. They are of type I or type 
II by Dogiel’s classification.

The  main neurotransmitter in IFAN neurons is 
ACh, while the cotransmitters are calbindin (CALB), 
SGRP, NO, and VIP [1, 16].

Intestinofugal neurons participate in entero-enteric 
reflexes that bypass the CSN and involve transmitting 
information from the large intestine to the small intes-
tine, and vice versa. Their activation leads to weakened 
intestinal motility and reduced gastric secretion. IFAN 
neurons function as slowly adapting mechanorecep-
tors that detect changes in intestinal volume [16].

IFAN cells are arranged parallel to the  circular 
muscular layer and respond to stretching of the intes-
tinal wall, rather than to tension. When activated by 
colonic distension, they release ACh in the mesenteric 
ganglia and evoke fast excitatory postsynaptic poten-
tials that are amplified by the parallel release of VIP. 
GABA is released in prevertebral ganglionic neurons, 
in turn facilitating the release of ACh from choliner-
gic IFAN neurons. This recurrent arc formed by IFANs 
and sympathetic neurons of the prevertebral ganglia 
provides a protective buffer against large increases in 
intravascular voltage and pressure [22]. 
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Interstitial cells of Cajal

Interstitial cells of  Cajal (ICC) are found within 
the myenteric plexus, both in the ganglia and inside 
the muscles. They are located between nerve endings 
and muscle cells [7]. These cells can act as “pacemak-
ers” that generate a slow-wave contraction of smooth 
muscle due to the lack of unique ionic mechanisms in 
smooth muscle cells. In addition, the interstitial cells 
of Cajal participate in the neurotransmission process 
between nerve and muscle cells, and also create con-
nections between themselves. 

They are characterized by an elongated, spindle-
shaped body with several protrusions. They have re-
ceptors for tachykinins and NO, produced by excit-
atory and inhibitory neurons, respectively, as well as 
for 5-HT [23]. As research has shown, these are cells 
of mesenchymal origin [2].

ENS glial cells

Neurons of the intestinal system are accompanied 
by numerous glial cells. Enteric glial cells are essential 
for the autonomous control of gastrointestinal homeo-
stasis by the ENS [24], and they are thought to be two 
to three times more numerous than all other ENS cells 
combined [2]. Glial cells resemble brain astrocytes. 
They produce interleukins and are involved in intes-
tinal inflammation. In Parkinson’s disease, amyloid 
aggregations appear in ENS glial cells as they do in 
brain glial cells. In both cases, disorders of intestinal 
peristalsis also occur, which is associated with dam-
age to glial cells. Glial cell damage has also been found 
in Crohn’s disease and necrotic enteritis. A  unique 
feature of  ENS glial cells is the  presence of  glial fi-
brillary acidic protein (GFAP) in the cytoplasm [24]. 
They have a much more irregular shape than classic 
Schwann cells, with numerous protrusions forming 
“feet”. There is some evidence to suggest that enteric 
glia may have a neurosecretory function, affecting en-
terocytes and enteroendocrine cells [1, 2, 25–29]. 

Also interesting is the  fact that nerve fibers in 
the ENS are surrounded only by glia, without colla-
gen. This is typical of peripheral nerve fibers, includ-
ing those of  the  sympathetic and parasympathetic 
systems [7,  26].

A diagram of the distribution of the different types 
of ENS cells is shown in Figure 1.

ENS and diseases

As previously emphasized, the  enteric nervous 
system plays many roles: it is responsible for gastro-
intestinal peristalsis, it controls the secretion of gas-
tric acid, it regulates the  passage of  fluids through 
the epithelium lining, it controls local blood flow, and 
it interacts with the intestinal immune and hormonal 
systems. Neurons of the ENS, together with glial cells, 
also contribute to maintaining the integrity of the ep-

ithelial barrier between the  intestinal lumen and 
the cells and tissues within the intestinal wall. Failure 
or disturbances in the  functioning of  the  ENS may 
thus lead to a  number of  enteric neuropathies [27]. 
These include congenital and acquired neuropathies, 
as well as those that accompany other disease states. 
They may also be iatrogenic or drug-induced [8]. 

Neuropathies associated with ENS dysfunction 
include achalasia, gastroparesis, Crohn’s disease, Cha-
gas disease, diabetes, slow-onset constipation, short 
bowel syndrome, Hirschsprung’s disease, and some 
forms of colorectal cancer.

Achalasia

Achalasia refers to the  impaired relaxation of 
the lower esophageal sphincter and weakened motil-
ity of the middle part of the esophagus. It results in 
dysphagia, food intolerance, and pneumonia [30, 31]. 
The  exact causes of  this disease are not fully ex-
plained, although it is known that the loss of inhibi-
tory neurons of  the  myenteric plexus, with NO as 
a transmitter, results in the failure of the lower esoph-
ageal sphincter [2, 8, 32–34].

Gastroparesis

Gastroparesis is a  set of  clinical symptoms caus-
ing chronically delayed gastric emptying. The condi-
tion is caused by a  reduction in the number of ENS 
neurons and a disruption in the  functioning of mo-
tor neurons in the stomach wall. These issues may be 
post-surgical in origin, or may be associated with dia-
betes or other disorders in the functioning of the ENS. 
Sometimes drugs can cause gastroparesis, but most 
cases are idiopathic [35]. 

As biopsies show, gastroparesis involves a marked 
reduction in the number of  interstitial cells of Cajal 
and of  neuronal fibers in the  circular muscle layer 
of the ENS structures. It has been suggested that gas-
troparesis may be caused by macrophages [36].

Gastroparesis can also result from other disorders, 
including a  wide range of  systemic, metabolic, and 
organic diseases such as collagen vascular diseases, 
neurological disorders, and paraneoplastic disorders 
caused by tumor-derived autoantibodies. Hereditary 
causes of gastroparesis have also been suggested, such 
as it being a result of recessive mutations in important 
mitochondrial genes, as in intestinal insufficiency syn-
drome [37–39]. 

Crohn’s disease

Crohn’s disease is an intestinal dysfunction with 
a broad clinical spectrum and four major subtypes (di-
arrheic IBS, constipation IBS, mixed IBS, and atypical 
IBS). The etiology of  this disease is not fully under-
stood, but genetic, environmental and immunological 
factors seem to be of equal importance [40].
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Patients with this disease show hypertrophy 
of nerve fibers and hyperplasia in the mucosa and sub-
mucosal plexus, together with infiltration of inflamma-
tory cells and neuromatous changes [29, 37]. Inflam-
mation causes increased excitability in IPAN neurons, 
interneurons, and some motor neurons. One line of in-
testinal defense against inflammation is the increased 
production of the neurotransmitter VIP in the neurons 
of both intestinal plexuses [33]. This is an effective an-
ti-inflammatory tactic as it affects ENS glial cells and 
induces the secretion of anti-inflammatory cytokines 
(interleukins), which protect the intestinal epithelium. 
In Crohn’s disease, increased secretion of SP, NO, and 
pituitary adenylyl cyclase activating peptide (PACAP) 
is also observed in the neurons of the submucosa and 
muscle spots. On the other hand, the number of nerve 
fibers containing the peptide encoded by the calcito-
nin gene (CGRP) tends to be lower [1, 37, 41].

Chagas disease

Chagas disease, caused by the protozoan Trypano-
soma cruzi, causes changes in multiple organs, which 
include cardiac hypertrophy and gastrointestinal 
symptoms. Changes in the gastrointestinal tract cause 
dilatation of the esophagus (megaesophagus) and are 
manifested by dysphagia, regurgitation of  food, and 
sometimes aspiration of gastric contents into the re-
spiratory system, which may consequently lead to as-
piration pneumonia. Chagas disease results in disor-
ders of intestinal motility that manifest as long-term 
constipation and pathological enlargement of the large 
intestine (megacolon). Neurodegeneration of ENS cells 
is observed, both in the ganglia of the myenteric plexus 
and the submucosa. A reduction in the number of ENS 
motor neurons, sometimes by as much as 50%, causes 
peristaltic disorders in the stomach and intestines, and 
particularly the large intestine. Intestinal hypersensi-
tivity to ACh is also observed. NO is probably respon-
sible for the changes in the intestinal mucosa and mo-
tility in this disease, as increased expression of nitric 
oxide synthetase (NOS) is observed [1, 2, 42].

Diabetes 

A number of digestive system symptoms occur in 
both type-1 and type-2 diabetes; these include nausea, 
flatulence, diarrhea, and constipation. These symptoms 
result from diabetic neuropathy, including the death 
of  ENS neurons in both the  plexus of  the  muscular 
membrane and that of  the  submucosa. Subpopula-
tions of enteric neurons prove to respond differently to 
diabetes, with some showing degeneration, others un-
dergoing changes in neurotransmitter content without 
degeneration, and some remaining intact. The neurons 
that are most susceptible to apoptosis are inhibitory 
neurons containing nitric oxide (NO), VIP, NPY, and 
serotonin as neurotransmitters [33]. Reduced CGRP se-

cretion is similarly observed. Excitatory neurons with 
ACh and SP are affected the least [1, 43]. 

It should be noted that inhibitory neurotransmit-
ters (NO, VIP, and GAL) seem to reduce their activity 
in early diabetes and increase in its later stages, prob-
ably as a result of regeneration.

Animal model studies have shown that the  den-
sity of  cholinergic innervation increases in diabetes 
in the  jejunum, ileum, and the  lamina muscularis 
of the duodenum [44, 45].

Serotonin is an important enteric neurotransmit-
ter responsible for mediating migratory motor com-
plex (MMC) contractions, or postprandial contrac-
tions, which are commonly impaired in diabetes [43].

Nerve growth factors and antioxidants may par-
tially alleviate neuronal degeneration by inhibiting 
oxidative stress. It appears that transplantation of en-
teric neurons in diabetes would help restore the neu-
ronal loss seen in severe enteric diabetes. This may be 
a potential future therapeutic option. 

Research into the  regulation of  the  expression 
of intestinal peptides by cytokines may also open up 
new possibilities for diabetes treatment [43]. 

Slow-onset constipation

The symptoms of  slow-onset constipation, in ad-
dition to the constipation itself, also include nausea, 
abdominal pain, vomiting, and flatulence. Persistent 
constipation is the  result of  slow transit through 
the colon. Although the etiology of this disease is not 
entirely clear, it is associated with disorders of the ENS 
and of  its connections with endocrine cells [2, 46]. 
Patients with slow-onset constipation show reduced 
numbers of mesenteric plexus neurons and interstitial 
Cajal cells [46]. Serotonin receptor antagonists exert 
their prokinetic effects by binding to their receptors 
on ENS motor neurons, leading to the release of ACh 
and other excitatory mediators. This group of  sub-
stances includes prucalopride, which also has a neu-
roprotective effect on the enteric nervous system [47].

Short bowel syndrome

Short bowel syndrome is a  condition where part 
of  the  small intestine has been surgically removed, 
e.g., due to cancer surgery or other damage. It can also 
involve congenital intestinal defects. In such cases, 
the body cannot absorb sufficient nutrients from food 
because part of the small intestine is missing or dam-
aged. This condition naturally also involves a neuro-
nal deficit in the ENS, with all its consequences.

The  use of  glucanyl-like peptide 2 (GLP-2) can 
bring many benefits to patients affected by this con-
dition. The mechanism of action is as follows: GLP-2 
causes expansion of the epithelium of the small and 
large intestine mucosa and exerts antiapoptotic effects 
in both the normal and injured intestine. This occurs 
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through the expression of cell survival genes and pro-
teins and by increasing intestinal blood flow [2, 48].

Hirschsprung’s disease 

Hirschsprung’s disease is a congenital functional 
disorder of gastrointestinal motility caused by the ab-
sence of ganglia (aganglionosis) in the enteric nervous 
system. Ganglia are typically absent from the  final 
section of the large intestine (sigmoid colon and rec-
tum) [10, 33], causing narrowing of the damaged sec-
tion of the intestine and widening of the section im-
mediately before the narrowing. 

Aganglionosis always affects the anus and extends 
proximally for a  variable distance and affects both 
the myenteric plexus and the submucosal plexus. This 
results in reduced motility and intestinal function, or 
even its complete absence [33].

As mentioned earlier, primary intestinal ganglion 
cells originate from the neural crest and migrate into 
the GI tract from the proximal to distal end by week 
13, after which they differentiate into mature gangli-
on cells. In infants with Hirschsprung’s disease, this 
migration and the subsequent differentiation are im-
paired or incomplete due to a mechanism that has not 
yet been elucidated. The most common theory is that 
neural crest cells never reach the  distal gut because 
they mature or differentiate earlier than they should. 
Another view is that normal neuronal migration oc-
curs, but that the precursor cells in the distal intestine 
fail to survive and differentiate [8, 49]. It seems, how-
ever, that the most likely cause of the disorders is mul-
tifactorial, and includes genetic causes. It is known 
that mutation of  the  SOX protein, which indirectly 
affects the development of ENS, is a factor in the de-
velopment of Hirschsprung’s disease [50, 51].

Certain forms of colon cancer

Invasion by cancer of  the  digestive system, and 
particularly of  the  large intestine, can destroy both 
the intestinal tissue and the nerve fibers and neurons 
of the local ENS, resulting in the atrophy of the sub-
mucosal and muscular plexuses within the tumor and 
in areas adjacent to it [8]. This reduction in the  size 
of the plexuses is accompanied by an increased num-
ber of galanin-immunoreactive neurons and thus in-
creased GAL content in parts of the colon located near 
the tumor. As is well known, galanin is a neuroprotec-
tive peptide that can inhibit apoptosis, and thus pro-
mote the survival of cancer cells [52]. Changes have also 
been observed in the components of the submucosal 
and musculoskeletal plexuses located near the tumor 
foci. These changes include reductions in the number 
of neurons and nerve fibers containing the neuropep-
tides VIP, PACAP, NPY, SOM, SP, and CGRP [53, 54]. Ad-
ditionally, there turn out to be numerous other interac-
tions between ENS neurons, cancer cells, and other cell 

types present in the colon wall, which increase the in-
vasiveness of cancer cells and have a negative impact 
on the course of the disease [52, 55].

ENS in neurodegenerative diseases

Progressive neurodegenerative disorders, such as 
Parkinson’s disease, Alzheimer’s disease and amyo-
trophic lateral sclerosis, lead to changes in neurons in 
certain brain regions that affect body motor skills. It 
was observed over three decades ago that these diseases 
also cause a number of changes in the intestinal ner-
vous system. For example, in Parkinson’s disease, there 
is a loss of dopaminergic neurons in the ENS in both 
plexuses, and Leve bodies are also observed [33, 56–58]. 

As the research of Singaram et al. [59] has shown, 
a  ten-fold decrease in the  number of  dopaminergic 
neurons can be observed in patients with Parkinson’s 
disease who also underwent colon resection due to ad-
enocarcinoma or chronic constipation. This decrease 
in the number of enteric neurons was associated with 
the  presence of  Lewy bodies in both dopaminergic 
and nondopaminergic mesenteric neurons [60]. 

ENS is thus a key modulator of  intestinal barrier 
function and a  regulator of  intestinal homeostasis. 
A “leaky gut” acts as a gateway for the translocation 
of  bacteria and toxins that can initiate downstream 
processes. Data indicate that changes in the gut mi-
crobiome in conjunction with an individual’s genetic 
background can modify the ENS, CNS, and immune 
system, while impairing barrier function and contrib-
uting to a range of disorders, such as irritable bowel 
syndrome, inflammatory bowel disease, and neuro-
degeneration [61].

Research results from recent years have suggested 
that some neurotrophic factors, such as GDNF, may 
potentially be used as neuroprotective agents to pre-
vent and treat the  symptoms observed in the  ENS 
during parkinsonism [62].

In Alzheimer’s disease, β-amyloid deposits and 
dysfunction of  cholinergic neurons are observed 
in midbrain neurons. As studies in transgenic mice 
have shown, the β-amyloid precursor is normally ex-
pressed in the ENS [60, 63] and is necessary for proper 
gastrointestinal motility, immunity, and secretion 
[64]. Approximately 70% of enteric neurons are cho-
linergic, which means that potential pathophysiologi-
cal effects of Alzheimer’s disease on the ENS may be 
significant [8]. 

Studies of  the  human ENS in Alzheimer’s dis-
ease have been sporadic. Immunoreactive β-amyloid 
plaques were reported in the  intestinal submucosa 
of 2 patients [65]. 

Some studies, including those looking at amyo-
trophic lateral sclerosis (ALS) and frontotemporal 
dementia (FTD), have found prion promoters in ENS 
neurons, and not only in the central and peripheral 
nervous system. This results in the loss of motor neu-
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rons and their processes, and thus in disorders of gas-
trointestinal transit [66–68].

Conclusions

The  enteric nervous system is a  very important 
part of the autonomic nervous system, and one which 
resembles the central nervous system in both its com-
ponents and functions. The  ENS is responsible for 
the  motility of  the  digestive system, the  secretion 
of digestive enzymes, and the absorption of nutrients. 
In addition, it has an immunological and regulatory 
function in relation of  local blood flow. This system 
is supported by the so-called enteric glia, which assist 
the ENS in maintaining epithelial barrier integrity, in 
controlling intestinal inflammation, and in interact-
ing with the intestinal microbiota. Its key roles involve 
both normal conditions and various inflammatory and 
functional intestinal diseases and intestinal neuropa-
thies, including Hirschsprung’s disease. Its function is 
also important in neurodegenerative diseases, includ-
ing not only Alzheimer’s disease, but also Parkinson’s 
disease and neurodevelopmental disorders. The ENS 
is a key modulator of intestinal barrier function and 
a  regulator of  intestinal homeostasis. Many diseases 
of  the  digestive system thus have a  broad context, 
and are usually related to the  improper functioning 
of the intestinal nervous system.
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