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v

In 1983, a number of international scientists working on the enteric nervous 
system (ENS) gathered at Flinders University in Adelaide, Australia, to dis-
cuss the advances and future of their research, marking informally the begin-
ning of the discipline of neurogastreonterology. A second meeting nearly 
30  years later was held in 2014, also in Adelaide, which consolidated the 
tremendous advances made in the field, and the proceedings of the meeting 
were published in a very successful book entitled: The Enteric Nervous 
System 30 Years Later (Springer), edited by Stuart M. Brierley and Marcello 
Costa. Springer.

A third one day meeting was organised on April 18, 2021, also in Adelaide, 
called “The Enteric Nervous System”, which was a formal satellite meeting 
of the Federation of Neurogatroenterology and Motility (FNM 2020). The 
meeting was held at the same venue as the ENS meeting in 2014, the National 
Wine Centre of Australia. Both meetings were postponed by 1 year because 
of the COVID-19 pandemic. The third ENS meeting (held in 2021) consisted 
of an exciting and dynamic gathering of major players of this rapidly devel-
oping field of enteric neuroscience. Most Australian presenters and partici-
pants attended personally (see photo) while all overseas speakers and 
participants could access all pre-recorded talks.
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Despite the challenges imposed by COVID-19, we were delighted with 
the calibre of the presentations and the collegiality and collaborative energy 
that arose during lunch time and evening discussion sessions. This interna-
tional meeting represented an excellent cross section of research on the 
enteric nervous system, with major advances made at an increasing rate since 
the previous meeting. The meeting was opened by our guest of honour 
Professor Robin Warren, recipient of the 2005 Nobel prize in Medicine, who 
was born and educated in Adelaide. The ENS II meeting held in 2014 aimed 
to identify how far in the field of enteric neuroscience had progressed over 
30 years, and where the future was heading with new technological advances. 
The 2021 meeting addressed many major unresolved mechanistic questions, 
shaping research for years to come. These proceedings cover a very broad 
spectrum of research from evolution of the ENS to the most sophisticated 
methodologies combining genetic engineering, spatio-temporal maps and 
clinical issues involving microbiota, all well integrated with advances of the 
fundamental organisation of the enteric circuits.

We are indebted to the professional help of Mr. Danny Brookes for the 
pre-recordings of presentations, the live presentations and the postproduction 
that allows participants to access to all presentations.

We are deeply grateful to the Flinders Foundation, the British Journal of 
Pharmacology, South Australian Neuroscience Institute (SANI) and 
Biosensis, who generously sponsored the meeting.

The organising committee of the meeting were made up of Nick J. Spencer, 
Stuart M. Brierley and Marcello Costa.
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Adelaide, SA, Australia Nick J. Spencer  
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1Contribution of the Enteric 
Nervous System to Autoimmune 
Diseases and Irritable Bowel 
Syndrome

Anita Annaházi and Michael Schemann

Abstract

Anti-neuronal autoantibodies can lead to sub-
acute gastrointestinal dysmotility, presenting 
with various symptoms typical of intestinal 
pseudoobstruction, achalasia, gastroparesis, 
or slow intestinal transit, among others. Such 
autoantibodies may be produced in response 
to a remote tumor and accelerate the diagnosis 
of malignancy, but in other cases they appear 
without an identifiable underlying cause. One 
example is the type I anti-neuronal nuclear 
antibody (ANNA-1 otherwise known as anti-
 Hu), which is usually linked to small cell–lung 
carcinoma. Anti-Hu can directly activate 
enteric neurons and visceral sensory nerve 
fibers and has a cytotoxic effect. Various other 
anti-neuronal antibodies have been described, 
targeting different ion channels or receptors 
on nerve cells of the central or the enteric ner-
vous system. Autoimmune processes targeting 
enteric neurons may also play a role in more 
common disorders such as esophageal achala-
sia, celiac disease, or multiple sclerosis. 
Furthermore, anti-enteric neuronal antibodies 

have been found more abundant in the com-
mon functional gastrointestinal disorder, irri-
table bowel syndrome (IBS), than in controls. 
The pathogenesis of IBS is very complex, 
involving the release of various mediators 
from immune cells in the gut wall. Products of 
mast cells, such as histamine and tryptase, 
excite visceral afferents and enteric neurons, 
which may contribute to symptoms like 
abdominal pain and disturbed motility. 
Elevated serine- and cysteine-protease activity 
in stool of IBS-D and IBS-C patients, respec-
tively, can be a factor leading to leaky gut and 
visceral hypersensitivity. More knowledge on 
these mediators in IBS may facilitate the 
development of novel diagnostic methods or 
therapies.

Keywords

Autoimmune gastrointestinal dysmotility · 
Anti-neuronal antibodies · Multiple sclerosis · 
Irritable bowel syndrome · Proteases · Mast 
cells

We describe the role of neurons in the enteric ner-
vous system in autoimmune diseases and irritable 
bowel syndrome (as a graphical summary, see 
Fig. 1.1).

A. Annaházi · M. Schemann (*) 
Human Biology, Technical University of Munich, 
Freising, Germany
e-mail: schemann@wzw.tum.de
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Fig. 1.1 The ENS integrates numerous inputs; the phar-
macology applies to human gut. Activation of mast cells 
excites enteric neurons by release of histamine and prote-
ases, the latter may also be released from nonimmune 
cells or increased in the gut lumen. Enteric interneurons or 

EC cells release serotonin, which also activates enteric 
neurons. Cysteine-proteases can directly disrupt tight 
junctions, enabling invasion of antigens. Acetylcholine 
released from enteric neurons modulate macrophages

1.1  Enteric Nervous System 
and Autoimmune Disease

In the last decades, considerable evidence has 
been accumulated that autoantibodies targeting 
neuronal structures play a role not only in dis-
eases of the central nervous system (CNS) but 
also in several gastrointestinal (GI) disorders. 
Autoimmune gastrointestinal dysmotility (AGID) 
is a new clinical entity, which can appear with or 
without the presence of a remote tumor, such as 
lung, ovarian, breast, or endometrial cancer [15]. 
The disease represents a type of autoimmune 
dysautonomia characterized by subacute gastro-
intestinal dysmotility, such as intestinal pseu-
doobstruction, achalasia, gastroparesis, pyloric 
stenosis, slow intestinal transit, or anal spasm. 

One of the earliest descriptions of such autoanti-
bodies included the presence of type I anti- 
neuronal nuclear antibodies (ANNA-1, also 
called anti-Hu) in small cell lung carcinoma 
(SCLC) patients with intestinal pseudoobstruc-
tion, which reacted with myenteric plexus neu-
rons [21]. At this point it was not clear if these 
autoantibodies have a pathogenic role in gastro-
intestinal motility disorders, but they were 
already suggested to facilitate the diagnosis of 
eventual SCLC in the case of GI dysmotility. 
Later studies have demonstrated a direct cyto-
toxic effect of sera and IgG from lung cancer 
patients with paraneoplastic syndrome [31], and 
anti-HuD, which is produced in the presence of 
the tumor, on myenteric neurons [14]. To explore 
a possible link between the effect of ANNA-1/

A. Annaházi and M. Schemann
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anti-HuD autoantibodies on enteric neurons and 
gastrointestinal symptoms, we have tested 
ANNA-1-positive sera from patients with chronic 
intestinal pseudoobstruction (CIPO) on human 
and guinea pig enteric and sensory neurons [23]. 
Whole serum or purified IgG from patient sera, 
but not sera from healthy controls, labelled all 
nerve cell bodies of the guinea pig myenteric and 
submucous plexus, and the staining was due to 
anti-HuD antibodies. In neuroimaging experi-
ments, purified IgG from patient sera as well as 
purified anti-HuD acted postsynaptically to evoke 
prompt action potential discharge lasting for sev-
eral seconds in around 12% of myenteric neu-
rons. In contrast, sera from healthy controls had 
no effect. We have demonstrated a similar, but 
even more prominent excitatory effect of ANNA- 
1- positive sera on human submucous neurons, 
where 50% of neurons responded, whereas glia 
were insensitive. We could also show that nico-
tinic acetylcholine receptor and P2X receptors, 
but not 5-HT3 receptor, were involved in spike 
discharge. Purified anti-HuD also evoked an 
excitation in visceral sensory nerve fibers. Our 
findings shed light to a possible role of anti-HuD 
in symptom generation by direct excitation of 
enteric and visceral sensory neurons. ANNA-1 
antibodies are usually linked to SCLC and are 
rarely observed in tumor-negative cases. A recent 
report, however, described a patient with ANNA- 
1- and antiglial nuclear SOX-1 autoimmune 
antibody- positive limbic encephalitis with severe 
motility disturbances [17]. Although the limbic 
encephalitis was successfully treated with immu-
nosuppressive therapy, the level of autoantibod-
ies was still very high and GI symptoms persisted. 
One explanation could be the excitatory effect of 
the remaining autoantibodies on enteric neurons 
or a permanent damage already before the initia-
tion of therapy. The patient successfully profited 
from a symptomatic treatment of the achalasia 
with pneumatic cardia dilation and the gastroin-
testinal dysmotility with prucalopride.

Besides ANNA-1, several other anti-neuronal 
antibodies have been described in AGID, some of 
them targeting, for example, voltage-gated cal-
cium or potassium channels or acetylcholine 
receptors. Another well-characterized antibody, 

targeted against the dipeptidyl-peptidase-like 
protein 6 (DPPX), an auxiliary subunit of Kv4.2 
potassium channels, is responsible for the new 
clinical entity called anti-DPPX encephalitis [3]. 
Apart from central nervous system symptoms, 
gastrointestinal complaints such as diarrhea or 
constipation, abdominal pain, nausea or vomit-
ing, and severe weight loss are common in these 
patients. Serum from an anti-DPPX encephalitis 
patient bounded to enteric neurons of the submu-
cous and myenteric plexus and increased the 
activity of guinea pig myenteric and human sub-
mucous neurons, supporting the pathogenic role 
of anti-DPPX autoantibodies in the observed gas-
trointestinal symptoms [28]. Gastrointestinal 
symptoms occur first, offering a chance of an 
early treatment with immunotherapy before the 
appearance of neurological symptoms.

In a study on 107 hospitalized adult patients 
with various GI symptoms, autoantibodies 
against enteric nervous system (ENS) and CNS 
neurons were over four times more common than 
in controls [24]. Established anti-enteric antibod-
ies, like anti-Hu or anti-DPPX, were all excluded 
by screening on cell-based assays. Antibody- 
positive sera did not influence intestinal motility 
in organ bath experiments, but they enhanced 
tetrodotoxin (TTX)-insensitive epithelial secre-
tion compared to antibody-negative sera. This 
study concluded that due to their low prevalence, 
the routine testing for well-established anti- 
neuronal antibodies in GI patients does not seem 
to be necessary, although autoantibodies may 
play a pathogenic role in GI dysfunction in a part 
of the patients.

The presence of anti-neuronal autoantibodies 
has been suggested in an increasing number of 
more common GI disorders. In esophageal acha-
lasia, a significantly higher prevalence of anti- 
neuronal autoantibodies has been found compared 
to controls [20]. In a study testing the effect of 
serum from achalasia patients, alterations of neu-
rochemical coding of cultured myenteric neurons 
and decreased relaxation of fundic muscle strips 
were found, mimicking the changes seen in the 
disease [4]. However, these effects were evoked 
by all serum samples but only 12% stained enteric 
neurons, suggesting that the anti-neuronal auto-

1 Contribution of the Enteric Nervous System to Autoimmune Diseases and Irritable Bowel Syndrome
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antibodies are rather an epiphenomenon. Motility 
disturbances are also common in inflammatory 
bowel disease (IBD), suggesting the involvement 
of the ENS. The infiltration of ganglia of the ENS 
with immune cells is a well-described phenome-
non in IBD called plexitis or ganglionitis, often 
preceding severe inflammation of the bowel [33]. 
In a recent study on mice, a crucial role of auto-
immune CD8-positive T cells was shown in 
enteric ganglionitis, leading to a rapid and dra-
matic destruction of enteric neurons via a cyto-
toxic effect, accompanied by decreased 
neuronally induced contractile force [30]. 
Neurological manifestations were observed in 
around 10% of patients with celiac disease, con-
ventionally explained by vitamin deficiencies 
due to malabsorption. However, anti-neuronal 
antibodies against the central nervous system 
were found in 61% of celiac disease patients with 
neurological involvement but only in 5% of 
patients without neurological symptoms [35]. 
There was no significant difference in ENS- 
specific autoantibodies, which were shown in 
10% of patients with neurological involvement 
and in 5% without. In another study autoantibod-
ies to ENS were shown in 24% of celiac disease 
patients, and almost all of those with a high anti-
body titer suffered from severe constipation [10]. 
These data support that autoantibodies against 
the CNS and ENS in celiac disease have a patho-
genic role in the accompanying neurological and 
motility disorders, respectively.

Recently, the involvement of the ENS as an 
autoimmune target in multiple sclerosis (MS) has 
been reported [38]. GI symptoms can be observed 
in almost two-third of MS patients, the most 
common being constipation, fecal incontinence, 
dyspeptic complaints, and dysphagia [22]. 
Motility disturbances are traditionally explained 
by the underlying musculoskeletal dysfunction or 
by side effects of medical therapy. However, by 
using validated diagnostic algorithms, in the 
same cohort, a surprisingly high rate of patients 
met criteria for functional GI disorders, such as 
functional dysphagia, functional dyspepsia, func-
tional constipation, or irritable bowel syndrome 
(IBS). Furthermore, delayed colonic transit has 
been also observed in the whole colon in some 

MS patients, which suggests that ENS may also 
be involved in constipation besides the known 
rectoanal dysfunction in these cases [13]. These 
findings led to a new concept, which proposes 
that the autoimmune process attacking the CNS 
may directly target the ENS [38]. Experimental 
autoimmune encephalomyelitis (EAE) by immu-
nization with various myelin antigens in mice 
mimics MS. In EAE mice, T cells, B cells, and 
macrophages invaded the myenteric plexus of the 
gut already in the preclinical state, and the num-
ber of T cells and macrophages increased with 
disease progression. Strikingly, degeneration and 
loss of myenteric neurons preceded the degenera-
tion of the spinal cord and progressed with dis-
ease severity. In the small intestine, muscle 
atrophy and compensatory fibrosis were shown in 
EAE mice, parallel to a significantly decreased 
GI motility, reduced muscular cholinergic signal-
ing, and NO release. The majority of mice with 
EAE developed antibodies against antigens of 
enteric neurons and glial cells. The authors also 
translated this data to humans by detecting one of 
the autoantibodies against the ENS identified in 
mice in 10 of 33 MS patients but in none of the 
controls. These results were corroborated by 
another study on EAE mice, demonstrating 
accelerated gastric emptying and reduced colonic 
motility in  vivo, and significantly decreased 
motility ex vivo mimicking constipation seen in 
the majority of MS patients [32]. Sera of both MS 
patients and EAE mice stained neuronal and/or 
glial components of the ENS. Interestingly, no 
neuronal loss could be detected in myenteric gan-
glia in ENS mice, but the expression of glial 
fibrillary acidic protein (GFAP) was reduced. 
B-cell deficiency prevented motility disturbances 
in EAE mice supporting the role of autoantibod-
ies in the pathogenesis.

1.2  Enteric Nervous System 
and Irritable Bowel 
Syndrome

IBS is considered a disease of the gut-brain axis. 
Observations that CIPO in its early phase is simi-
lar to IBS led to the idea of anti-enteric neuronal 

A. Annaházi and M. Schemann
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antibodies in IBS patients [36]. Such antibodies 
have been found in ~87% of IBS patients vs. 59% 
of controls. The study identified three antigens 
targeted by the autoantibodies : a nondescript 
ribonucleoprotein (RNP-complex), small nuclear 
ribonuclear polypeptide A, and Ro-5200  kDa. 
Similar to Hu, they are also involved in mRNA 
binding, processing, and transport. Selective 
depletion of anti-enteric neuronal antibodies may 
be a possible treatment of GI symptoms in auto-
immune diseases. However, it needs to be consid-
ered that the percentage of controls with 
anti-enteric neuronal autoantibodies is surpris-
ingly high. A more recent study has found a sig-
nificantly higher rate of anti-enteric neuronal 
antibodies in IBS patients (76.8%) than in con-
trols (33%) and in patients with slow transit con-
stipation, but not significantly different from 
patients with IBD or CIPO [16]. The sensitivity 
and specificity of anti-enteric neuronal antibody 
to diagnose IBS were 76.8% and 42.3%, respec-
tively. Moderate and strong positive IBS sera 
induced apoptosis in cultured guinea pig myen-
teric neurons and in the human neuroblastoma 
cell clone SH-Sy5Y.  These data suggested a 
pathogenic role of anti-enteric neuronal antibod-
ies in at least a subset of IBS patients.

Apart from being more numerous, the activa-
tion of mast cells was also observed in IBS-D 
patients, resulting in increased mediator release, 
such as histamine or mast cell tryptase, which are 
capable of neuronal activation [2]. The number of 
mast cells in close proximity to nerves signifi-
cantly correlated with clinical symptoms, namely, 
severity and frequency of abdominal pain and/or 
discomfort in IBS patients. The increased num-
ber or activation of mast cells in the gut can be a 
consequence of dietary factors, pathogens, or 
stress events in IBS, which leads to the activation 
of enteric neurons [12]. The communication 
between mast cells and neurons is bidirectional 
[8]. In female IBS patients, activation of enteric 
glial cells and their disturbed communication 
with mast cells was observed in the colon, which 
may be a pathogenic factor in the increased epi-
thelial permeability observed in many IBS 
patients [25]. In accordance with this, two- to 
threefold increased release of proteases (trypsin 

and tryptase) was measured in biopsy samples 
from the colon or rectum of IBS patients com-
pared to controls [11]. Although the number of 
mast cells was not increased in the biopsies, the 
intense release of tryptase relates to their activa-
tion. Application of biopsy supernatants from 
IBS patients with elevated protease activity into 
the colon of mice evoked hyperalgesia and allo-
dynia in response to colorectal distension. The 
hypersensitivity was due to protease-activated 
receptor (PAR)-2. In the following years, we 
repeatedly demonstrated that apart from activat-
ing visceral afferent neurons, biopsy supernatants 
of IBS patients can also excite enteric neurons 
[5–7, 9]. By pharmacological approaches, prote-
ases, histamine, and serotonin were identified as 
components responsible for the neuronal activa-
tion, with the effect of proteases being most dom-
inant [5]. In this study, a significantly elevated 
mast cell count was present in the lamina propria 
of biopsies from IBS patients, which correlated 
with the spike frequency evoked in human sub-
mucous enteric neurons. The excitatory effect 
was independent of IBS subtype (IBS-D or C), 
suggesting a general feature in IBS. Although the 
concentration of nerve-activating components in 
the biopsy supernatants is relatively small and 
individually would not cause a spike discharge in 
enteric neurons, we observed synergistic poten-
tiation between histamine, serotonin, and trypt-
ase explaining the effect of the supernatants [27]. 
Further, the nerve-activating effect is more prom-
inent in the submucous than in myenteric plexus 
[6]. The effect of a cocktail of compounds mim-
icking IBS biopsy supernatants (a mixture of 
serotonin, histamine, tryptase, and tumor necro-
sis factor alpha (TNF-α)) was also tested on sub-
mucous neurons in biopsies from healthy controls 
and IBS patients [26]. Interestingly, the evoked 
responses of neurons in biopsies obtained from 
IBS patients were significantly lower than those 
from healthy controls, which may be caused by 
the presence of desensitized neurons in IBS biop-
sies due to the constant release of the mediators 
in the gut wall. In another study, histamine recep-
tor- 1 (HRH1)-mediated sensitization of the tran-
sient receptor potential channel V1 (TRPV1) was 
shown in submucous neurons in rectal biopsies 
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from IBS patients compared to healthy controls 
[37]. Additionally, mucosal biopsy supernatants 
have been suggested as a biomarker for IBS with 
increased sensitivity to rectal distension, as 
biopsy supernatants of hypersensitive patients 
activated submucous neurons and dorsal root 
ganglion neurons significantly stronger [7]. 
Furthermore, recently 17 proteases were identi-
fied by proteome analysis in IBS biopsy superna-
tants as differentially expressed compared to 
ulcerative colitis and healthy controls. The com-
bination of three proteases, elastase 3a, cathepsin 
L, and proteasome alpha subunit-4, showed the 
highest prediction accuracy of 98% to discrimi-
nate between IBS and healthy controls [9]. This 
study also identified PAR-1 receptors as most rel-
evant for activation of human enteric neurons.

Elevated protease activity has been shown in 
the stool of IBS-D patients [29]. Importantly, in 
fecal supernatants from IBS-D patients, serine- 
protease activity was elevated, whereas in fecal 
supernatants from IBS-C patients, cysteine- 
protease activity was increased [29] [1]. The high 
serine-protease activity in the fecal supernatants 
of IBS-D patients was responsible for increased 
intestinal permeability and visceral hypersensi-
tivity via the activation of PAR-2 when infused 
intracolonically to mice [18]. The increased pro-
tease activity is mostly of human origin and can 
be at least partially explained by decreased bacte-
rial degradation due to the accelerated transit in 
IBS-D [34]. Similarly, elevated cysteine-protease 
activity in fecal supernatants from IBS-C patients 
caused disruption of the intestinal barrier and vis-
ceral hypersensitivity in the same model but only 
after prolonged and repeated applications [1]. 
The difference can be attributed to distinct 
 mechanisms, as PAR-2 does not play a role in the 
effect of cysteine-proteases, which directly 
degrade tight junctions. Therefore, visceral 
hypersensitivity in IBS-C may be a consequence 
of the increased permeability rather than direct 
receptor activation on nerve cells.

The disturbed crosstalk between mast cells 
and enteric neurons triggered clinical studies. For 
example, in a double-blind placebo-controlled 
trial, 8  weeks of treatment with the mast cell 

 stabilizer ketotifen increased the threshold of 
 discomfort in patients with IBS with visceral 
hypersensitivity and relieved IBS symptoms such 
as bloating, flatulence, diarrhea, and incomplete 
evacuation, parallel to an improvement in health- 
related quality of life [19]. Likewise, the more 
selective HRH1 antagonist ebastine reduced vis-
ceral hypersensitivity in IBS patients, provided 
symptom relief, and reduced abdominal pain 
scores [37].

Improved understanding of the role of the 
ENS in autoimmune disorders and in IBS will 
help to develop novel diagnostic methods and 
therapies.
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Abstract

Severe gut motility disorders are characterized 
by ineffective propulsion of intestinal con-
tents. As a result, patients often develop 
extremely uncomfortable symptoms, ranging 
from nausea and vomiting along with altera-
tions of bowel habits, up to radiologically con-
firmed subobstructive episodes. Chronic 
intestinal pseudo-obstruction (CIPO) is a typi-

cal clinical phenotype of severe gut dysmotil-
ity due to morphological and functional 
alterations of the intrinsic (enteric) innerva-
tion and extrinsic nerve supply (hence neu-
ropathy), interstitial cells of Cajal (ICCs) 
(mesenchymopathy), and smooth muscle cells 
(myopathy). In this chapter, we highlight 
some molecular mechanisms of CIPO and 
review the clinical phenotypes and the genet-
ics of the different types of CIPO. Specifically, 
we will detail the role of some of the most 
 representative genetic mutations involving 
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RAD21, LIG3, and ACTG2 to provide a better 
understanding of CIPO and related underlying 
neuropathic or myopathic histopathological 
abnormalities. This knowledge may unveil tar-
geted strategies to better manage patients with 
such severe disease.
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2.1  Introduction

Severe gut dysmotility is a clinical condition 
characterized by a major impairment of intestinal 
propulsion due to changes of various key cells, 
such as enteric neurons and/or glial cells, intersti-
tial cells of Cajal (ICCs), and smooth muscle 
cells of GI tract [6]. In very few cases, the func-
tional impairment of digestive neuro-ICC- 
muscular integrated systems is so pronounced to 
hinder oral feeding leading to severe symptoms, 
which markedly compromise patients’ quality of 
life. CIPO is a clinical phenotype of severe gut 
dysmotility usually with poor prognosis.

Patients with CIPO typically manifest with 
recurrent intestinal subocclusive episodes and 
clinical /radiological findings mimicking 
mechanical obstruction [5, 24]. In addition to the 
acute subobstructive phases, during the intercri-
sis period, patients complain of a variety of 
symptoms (e.g., chronic nausea, vomiting, 
abdominal distension, and constipation/diarrhea) 
requiring nutritional support to avoid weight loss 
and malnutrition [7]. Treatment options for CIPO 
are essentially aimed at preventing malnutrition 
(by providing adequate caloric intake), restore 
motility (via prokinetic/enterokinetic pharmaco-
logical agents), and control symptoms, for exam-
ple, abdominal pain, nausea/vomiting, and 
diarrhea (often ascribable to bacterial over-
growth). Taken together, these options might 
allow for stabilization of the clinical picture at 
best, but certainly do not target the mechanisms 
underlying CIPO. The lack of established animal 

models, which could provide a basis for a better 
understanding of the molecular pathways con-
tributing to neuro-ICC-myopathy underlying 
CIPO, is hindering preventative approaches and 
effective treatments. Highlighting molecular 
mechanisms of CIPO can be a strategy to deci-
pher its clinical complexity, simplify the wide 
heterogeneity inherent to this condition, and ulti-
mately pave the way to new treatment options. 
Herein, we review the clinical phenotypes and 
the genetics of the different types of CIPO with 
the goal of providing answers for a better under-
standing of severe dysmotility and related histo-
pathological abnormalities with a special 
emphasis on neuro-myopathy.

2.2  Genetics of CIPO

In recent years, we and other groups have pro-
vided evidence for a genetic basis of the enteric 
neuronal and/or smooth muscle degeneration and 
loss observed in specific forms of CIPO. The dis-
covery of novel genes mutated in different 
patients represents the first step in identifying the 
downstream molecular impairment in CIPO. The 
genes so far identified in CIPO patients are sum-
marized in Table 2.1. An in-depth study of these 
gene variants in vitro and in vivo is required to 
understand the role of the different genes identi-
fied in the ENS and muscular alterations that can 
lead to a severe enteric dysmotility, such as CIPO. 
In the next paragraphs, we will highlight the role 
of genetic mutations involving RAD21, LIG3, 
and ACTG2.

2.2.1  RAD21

We identified the homozygous causative variant 
in a large consanguineous family segregating an 
autosomal-recessive form of CIPO. The affected 
family members also presented other clinical fea-
tures including megaduodenum, long-segment 
Barrett’s esophagus (up to 18 cm from the squa-
mocolumnar junction or “Z-line”), and cardiac 
abnormalities of variable severity (OMIM 
611376; Mungan syndrome). We performed 
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whole-exome sequencing analysis on the 
genomic DNA from two affected individuals and 
found the novel homozygous change c.1864 
G>A in RAD21 (NM_006265.2) producing the 
damaging missense variant p.Ala622Thr [3]. Any 
derangement to RAD21 molecular structure and 
function can result in significant changes to many 
tissues, including the gut neuro-muscular layer. 
In fact, RAD21 is part of the cohesin complex, 
involved in pairing and unpairing of sister chro-
matids during cell replication and division, and 
also regulates gene expression directly and inde-
pendently of cell division [13]. The RAD21 sub-
unit of the cohesin complex plays important 
structural and functional roles, as it serves as 
physical link between the SMC1/SMC3 
(Structural Maintenance of Chromosome 1 and 
3) heterodimer and the STAG subunit. RAD21 
integrity regulates the association or disassocia-
tion of functional cohesin with chromatin and 
also plays a key role in double-strand breaks 
DNA repair [1]. Cohesin binds to many sites 
throughout the genome, in combination with the 
CCCTC-binding factor (CTCF) insulator protein, 
which is known to mediate chromatin loop for-
mation. Cohesin colocalizes with CTCF along 
chromosome arms, cooperating with this protein 
in the regulation of gene expression and chroma-
tin structure [23]. RAD21 is associated with 
other transcriptional regulators, such as estrogen 
receptor-α [8], and the RNA-polymerase-binding 
complex Mediator [14] in a cell-type-specific 
manner. In combination with other factors, cohe-
sin selectively binds genes with paused RNA 
polymerase II and can regulate transcription by 
determining the amount of elongating RNA poly-
merase II on genes [18]. Cohesin-mediated chro-
matin organization plays an important role in the 
formation/stabilization of chromosome architec-
ture and gene transcription and repression. 
RAD21 interacts with CTCF and other cohesin- 
associated proteins to maintain and stabilize mul-
tidimensional organizations of topologically 
associating domains and chromatin loops [12]. In 
addition, human RAD21 is linked to the apop-
totic pathways and RAD21 cleavage can be 
induced by a broad spectrum of apoptotic stimuli 
at residue p.Asp279, which is different from the 

mitotic cleavage sites required for chromosomal 
segregation [4, 22].

In our study, in vitro and in vivo data (zebraf-
ish model) showed that the mutant RAD21 
p.Ala622Thr protein did not activate one of its 
well-known target genes, that is, RUNX1, which 
exerts a crucial role for RAD21 function [3]. 
Moreover, using the zebrafish as a model, we 
recapitulated the CIPO phenotype observed in 
patients with the homozygous RAD21 causative 
variant, in terms of severe impairment of motil-
ity and marked reduction of neurons (hence a 
histopathology pattern reminiscent of an “oligo- 
neuronal hypoganglionosis”). After injecting a 
morpholino (mo) specific for the functional abla-
tion of rad21, zebrafish embryos were allowed to 
develop to 5 days post-fertilization (dpf), when 
the digestive system has already developed. 
Control and mo-treated embryos were fed fluo-
rescent beads through microgavage, a technique 
that allows to determine the rate of intestinal 
motility as a function of time. After 8 hours post 
microgavage of fluorescent beads, the GI tract 
of embryos was divided into four zones based 
on anatomical landmarks and the presence of 
 fluorescent bead was scored in each segment. 
Compared to controls, rad21 morphants showed 
delayed food transit along the gut and a significant 
depletion of enteric neurons as shown by staining 
the enteric neurons with antibodies against the 
neuronal marker HuC/D. The marked reduction 
of HuC/D-immunolabeled enteric neurons was 
highly suggestive of a neuropathic impairment 
responsible for the observed motility impairment 
(no evidence of any smooth muscle damage in 
the zebrafish embryos) [3]. Furthermore, Rad21 
immunoreactivity was detected in about 43% of 
HuC/D-immunoreactive myenteric neurons/field 
of both adult and young mouse small intestine. 
A subset of ChAT- immunolabeled myenteric 
neurons was also immunoreactive for Rad21. 
Rad21 silencing confirmed specificity of the 
immunolabeled neurons [2]. Following this first 
evaluation of the normal Rad21 localization in 
the mouse ENS, and based on the evidence that 
rad21−/− mice were embryonic lethal [27], we 
designed and developed a conditional knock-in 
(KI) mouse with the p.Ala626Thr missense vari-

F. Bianco et al.
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ant (equivalent to the p.Ala622Thr in humans) 
in order to generate a model reminiscent of the 
clinical phenotype and histopathological changes 
in the originally described affected family mem-
bers. The design of the construct allowed us to 
selectively drive the p.Ala626Thr variant into the 
mouse ENS in response to Cre-driven recombi-
nation of the floxed alleles by crossing with mice 
carrying the expression of Cre under the Wnt1 
promoter. Compared to wild-type animals, pre-
liminary data on the homozygous mice revealed 
that there was about 30% reduction of HuC/D 
myenteric neurons/ganglion in the Rad21KI 
mice [15], a finding indicative of the CIPO phe-
notype observed in patients. Also, subsets of 
HuC/D-IR myenteric neurons of wild-type mouse 
colon displayed either ChAT-immunoreactivity 
(43.71  ±  3.45) or nNOS-immunoreactivity 
(30.84 ± 5.40). However, in the Rad21KI mice, 
the HuC/D/ChAT-immunoreactive neurons/gan-
glions were 45.13  ±  4.27, whereas the HuC/D/
nNOS- immunoreactive neurons/ganglions were 
14.13  ±  1.40 (Bianco, unpublished data). These 
preliminary data point to an overall reduction of 
the myenteric neurons with a selective depletion 
of inhibitory motor neurons in Rad21KI mice, 
suggesting a role of this gene alteration in gut 
motility dysfunction. Further studies are currently 
ongoing to determine the full spectrum of abnor-
malities caused by the RAD21 mutation.

2.2.2  LIG3

We recently characterized another mutant gene 
underlying CIPO and neurological manifesta-
tions (reminiscent of mitochondrial neurogastro-
intestinal encephalomyopathy, MNGIE) in seven 
patients from three unrelated families (Bonora 
2021  in press). In addition to CIPO, the most 
prominent and consistent clinical signs were 
neurological abnormalities, including leukoen-
cephalopathy, epilepsy, migraine, stroke-like 
episodes, and neurogenic bladder. DNA from 
these patients was subjected to whole-exome 
sequencing. Compound heterozygous variants 
were identified in the gene LIG3 in all patients. 
All variants were predicted to have a damaging 

effect on the protein. The LIG3 gene encodes the 
unique mitochondrial DNA (mtDNA) ligase that 
binds POLG and plays a pivotal role in mtDNA 
repair and replication. The study of the conse-
quences of LIG3 mutations was conducted in 
primary skin fibroblasts derived from patients 
and in transiently transfected cells expressing 
the different mutant versus wild-type proteins. 
All assays showed a severely reduced quantity of 
LIG3 protein in the mutant cells. In concor-
dance, we demonstrated the lack of ligase activ-
ity in the mitochondrial extracts derived from 
patients’ cells compared to control fibroblasts. 
The LIG3 gene defects altered the mitochondrial 
network (Fig.  2.1a), affected mtDNA mainte-
nance, leading to mtDNA depletion without the 
accumulation of multiple deletions observed in 
other mitochondrial disorders (e.g., MNGIE) 
and induced a severe imbalance in cell metabo-
lism, with impaired ATP production and 
increased mitochondrial reactive oxygen species 
generation. The resultant mitochondrial dys-
function was key in the causative effects leading 
to the clinical phenotype observed in these 
patients. In the gut, the histopathological analy-
sis and neuronal HuC/D immunoreactivity eval-
uation demonstrated a significant loss of the 
number of myenteric neurons in the colon 
(Fig. 2.1b). Likewise, in Rad21, the disruption of 
lig3 in the zebrafish model reproduced leukoen-
cephalopathy in the brain and impaired gut tran-
sit, with an alteration of mitochondrial markers 
in the mutant models. Biallelic heterozygous 
loss-of-function variants in the LIG3 gene result 
therefore in a novel mitochondrial disease char-
acterized by predominant gut dysmotility, 
encephalopathy, and neuronal abnormalities.

2.3  Smooth Muscle Actin–
Related Diseases: Visceral 
Myopathy Driven by ACTG2 
Mutations

Visceral myopathy (MIM# 155310) causes gut 
dysmotility due to smooth muscle dysfunction 
with phenotypes ranging from functional intesti-
nal dysmotility along with massively distended 

2 Clinical and Pathological Features of Severe Gut Dysmotility
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Fig. 2.1 Mitochondrial defects in  vitro and ex  vivo in 
presence of LIG3 mutations underlie a severe reduction in 
ENS neurons. (a) Representative images of 3D z stacks 
and relative Imaris software reconstruction of the mito-
chondrial network using MitoTracker green staining. 
Quantification of mitochondrial network volume repre-
sented as the mean isosurface volume per cell (n = 5 pic-
tures/group). A significant decrease in the mitochondrial 
isosurface volume and green intensity was observed in a 

patient with biallelic LIG3 mutations (P ≤ 0.001). Scale 
bars: 5 μm and 25 μm. (b) Histological features of gut 
(colon) biopsies. HuC/D immunofluorescence (green) in 
gut tissue biopsies (colon) of controls and patient carrying 
LIG3 mutations; nuclear staining was obtained with DAPI 
(blue). Arrows point to labelled myenteric neurons. 
Myenteric neurons are significantly reduced in the LIG3 
mutated patient (right panel, P = 0.0005; Student’s t-test). 
Scale bar: 50 μm

F. Bianco et al.
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bladder requiring catheterization, a condition 
also referred to as megacystis-microcolon intesti-
nal hypoperistalsis syndrome (MMIHS), to cases 
characterized by predominant involvement of the 
GI tract with typical CIPO features. Causative 
variants in several genes have been identified in 
these phenotypes, but the majority of molecularly 
diagnosed cases are caused by heterozygous vari-
ants in ACTG2, resulting in dominant alleles run-
ning in families or arising de novo in the affected 
subjects [17, 25]. In vitro studies of the identified 
variants have shown an impairment of ACTG2 
polymerization and a reduction of smooth muscle 
cell contractility [10, 11]. In a recent study, the 
molecular diagnostic rate of visceral myopathy 
was 64% (34/53), of which 97% (33/34) could be 
attributed to ACTG2 variants. In particular, mis-
sense changes in five conserved arginine residues 
contributed for 49% (26/53) of disease in the 
cohort. The ACTG2-negative cases had a more 
favorable clinical outcome and more restricted 
disease. In the ACTG2-positive group, the poor 
outcome (i.e., total parenteral nutrition depen-
dence, need for transplantation, and death) was 
always due to one of the arginine missense 
alleles. The analysis of the effect of the specific 
residues suggests a severity degree of the mis-
sense changes, with p.Arg178>p.Arg257>p.
Arg40, along with other less frequent variant 
alleles at p.Arg63 and p.Arg211. Four novel mis-
sense variants were also reported, including one 
that is apparently transmitted according to a 
recessive mode of inheritance [19], indicating 
that the overall genetic architecture of visceral 
myopathy is still to be fully characterized.

Additional genes have been found to play a 
role in visceral myopathy pathogenesis. ACTA2, 
encoding for a smooth muscle actin gene, is 
mutated in the multisystemic smooth muscle dys-
function syndrome (MIM #613834). The clinical 
features include bladder hypotonicity and abnor-
mal intestinal peristalsis as well as a significant 
involvement of vascular and ciliary smooth mus-
cle, leading to vascular aneurysms and mydriasis 
[20]. Autosomal-recessive forms of MMIHS are 
caused by biallelic loss-of-function variants in 
genes encoding for proteins involved in actin–
myosin interactions, such as MYH11 (myosin 

heavy chain; [9]), MYLK (myosin-light chain 
kinase; [10, 11]), LMOD1 (leiomodin 1, an actin- 
binding protein expressed primarily in vascular 
and visceral smooth muscles [10, 11]), and MYL9 
(regulatory myosin-light chain; [21]).

Several studies have highlighted the altera-
tions in smooth muscle structural proteins and 
pathways related to smooth muscle function, pro-
viding mechanistic insights in the disease etiol-
ogy. As an example, loss of LMOD1 in vitro and 
in vivo results in a reduction of filamentous actin, 
with elongated cytoskeletal dense bodies and 
impaired intestinal smooth muscle contractility 
[10, 11].

2.4  Conclusion and Future 
Perspectives

In this chapter, we have highlighted a possible 
strategy based on accurate clinical phenotyping 
followed by histopathology and in-depth molecu-
lar (genetic) analysis, which can be used to 
reconstruct a model to better understand neuro- 
ICC- muscular changes underlying severe gut 
dysmotility such as CIPO. Next-generation 
sequencing  (NGS) has now made possible the 
analysis of multiple genomic regions simultane-
ously, shortening the time and cost of gene tests. 
Thus, several studies have unveiled the presence 
of many independent genes for severe gut dys-
motility by adopting this technique (Fig.  2.2). 
The discovery of additional genes is crucial to 
identify altered pathways and is paramount for a 
better understanding of the disease and develop-
ment of novel therapeutic targets. Moreover, 
identifying novel genetic factors is crucial to pre-
dict who is at risk of developing the disease, 
allowing for early detection. Regardless of the 
rates of clinical manifestations within each 
genetic group, patients with severe gut dysmotil-
ity represent difficult medical challenges, with a 
tremendous impact of the disease on the quality 
of life, severe clinical complications, and costly 
medical care, with minimally effective 
treatments.

Nonetheless, the future is full of exciting prom-
ises relying upon the differentiation of human-

2 Clinical and Pathological Features of Severe Gut Dysmotility
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Fig. 2.2 STRING analysis of the proteins involved in 
severe gut dysmotility. The proteins mutated in severe gut 
dysmotility disorders (red boxes) cluster into two differ-

ent groups: the myopathic (i.e., ACTG2-related) and/or 
mitochondrial-related neuro-myopathic forms vs. preva-
lent enteric neuropathies (i.e., RAD21 related)

induced pluripotent stem cells (PSCs) directed to 
the formation of organoids, physiological three-
dimensional human organ cultures [16]. A recent 
study applied a tissue-engineering approach with 
embryonic and PSC to generate a human intesti-
nal tissue containing functional ENS. The normal 
intestinal ENS development was recapitulated 
in vitro by combining human- PSC- derived neu-
ral crest cells and developing human intestinal 
organoids (HIOs), with migration into the mes-
enchyme, differentiation into neurons and glial 
cells, and generation of neuronal activity exhib-
iting rhythmic waves of calcium transients. The 
ENS-containing HIOs in vivo formed neuroglial 
structures in a close fashion to a myenteric and 
submucosal plexus, contained functional inter-
stitial cells of Cajal, and regulated waves of 
propagating contraction. Equivalent  approach 
was applied to repopulate with a functional ENS 
a PHOX2B mutated Hirschsprung disease mouse 
model [26]. We see this as the dawn of a new era 

highlighting pluripotent stem cells as possible 
treatment options for patients with CIPO and 
broadly with severe gut dysmotility.
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3Luminal Chemoreceptors 
and Intrinsic Nerves: Key 
Modulators of Digestive Motor 
Function

John Dent and Phil G. Dinning

Abstract

This chapter reviews data on the pathways by 
which luminal, mainly duodenal, chemore-
ceptors modulate gastro-pyloro-duodenal 
motor function to control emptying of nutri-
ents into the small intestine. The vagus medi-
ates proximal gastric relaxation caused by 
nutrient stimulation of duodenal/jejunal 
mucosal chemoreceptors. Modulation of the 
spatial patterning and inhibition of antral con-
tractions during duodenal chemoreceptor acti-
vation are somewhat conflicting: both vagal 
control and ascending intramural nerves 
appear to play a role. Intraduodenal nutrients 
stimulate the localized pyloric contractions 
that prevent transpyloric flow via ascending 
duodenal intramural nerve pathways. Though 
not yet formally investigated, patterns of acti-

vation of the duodenal brake motor mecha-
nism suggest that duodenal loop mucosal 
chemoreceptors signal to a brake mechanism 
at the most aborad region of the duodenum via 
descending intramural duodenal nerves.

Intrinsic intramural pathways are important 
in the control of the first stages of digestion.

Keywords

Chemoreceptor · Jejunum · Duodenum · 
Vagus · Motility

3.1  Introduction

Understanding of the mechanisms of mucosal 
chemoreception [1] and how chemosensory 
receptors activate primary afferent nerves [2] 
have advanced substantially in recent years. By 
contrast, there is only limited information about 
the pathways via which mucosal chemorecep-
tors, mainly duodenal, signal to upper gastroin-
testinal motor components to vary the rate of 
movement of nutrients from the stomach and 
duodenum into the jejunum.

Demonstrations of gut-brain-gut vagal con-
nections [3, 4] have led to the widely held view 
that the vagus is the primary modulator of normal 
gastric emptying. This chapter proposes that 
intrinsic duodenal intramural nerves are the dom-
inant signaling pathways from duodenal chemo-
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receptors that cause variations of pyloric, 
duodenal, and upper jejunal motor function. 
These variations match the rate of gastric empty-
ing to duodenal digestive function, an essential 
aspect of normal upper gastrointestinal nutrient 
digestion.

3.2  Spectrum of Duodenal 
Chemosensing

The duodenal mucosa is a very complex sensory 
organ [1, 2]. Chemoreceptor modulations of 
upper gastrointestinal motor function have been 
studied mainly by activating this system with 
“provocative” intraduodenal infusions of compo-
nents of the postprandial duodenal luminal con-
tent. Components that have been studied include 
fatty emulsions and solutions of acid, isotonic 
and hypertonic dextrose, bile acids, and hyper-
tonic saline.

3.3  Effects of Truncal Vagotomy 
on Duodenal Chemoreceptor 
Control of Gastric Emptying

In chronic studies in five awake, trained dogs, 
emptying of 600 ml of water from the stomach 
was measured repeatedly during intraduodenal 
delivery of either water or three different provoc-
ative infusates (250 mM HCl, 10% dextrose and 
5% “fat”) through an indwelling duodenal can-
nula (rate of delivery not stated), before and after 
bilateral transthoracic truncal vagotomy (75 and 
95 experiments, respectively) [5]. Figure  3.1 
shows that the hierarchy of increasing slowing of 
gastric emptying by the different intraduodenal 
infusions persisted after vagotomy, indicating 
that a major component of the signals from the 
duodenal chemoreceptors that caused the grada-
tion of slowing of emptying with the provocative 
infusates, was not vagally transmitted. Compared 
to the control studies, vagotomy was however 
associated with slower gastric emptying for all of 
the 4 duodenal infusates (Fig. 3.1) (see below in 
Sect. 3.6, third paragraph). This study did not 
seek to assess gastric motor patterns.

3.4  Chemosensor Control 
of Proximal Gastric Motor 
Function

Tonic contraction of the proximal half of the 
stomach maintains a variable, nonpulsatile com-
pression of the gastric content, which aids non-
nutrient and nutrient emptying [4]. In six awake, 
trained dogs, a proximal jejunal infusion of a liq-
uid nutrient supplement (osmolite) was shown to 
cause proximal gastric relaxation, which was pre-
vented by reversible cervical or subdiaphrag-
matic vagal blockade by cooling [6]. This 
indicates that the vagus is the key control  pathway 
for proximal jejunal chemoreceptor–induced 
upper gastric relaxation.

3.5  Duodenal Chemoreceptor 
Control of Antro-Pyloric 
Motor Function

The literature needs to be interpreted in the light 
of the significant methodological challenges 
associated with measurements of antral and 
pyloric motor functions.

3.5.1  Measurement of Antral 
and Pyloric Motor Functions

A manometric system that is suitably dampened 
to exclude rapidly changing contact pressures 
with the antral wall only detects an antral con-
traction when this causes active lumen-occlusion, 
which may only be in the very distal antrum [7]. 
Thus, though manometry underestimates the 
extent and number of antral contractions, it 
detects the lumen-occlusive antral contractions 
that usually lead to aborad pulsatile transpyloric 
flows, the major component of gastric emptying 
[8]. Therefore, manometry is informative about 
modulations of antral motor function relevant to 
changes of gastric emptying, especially when 
pyloric motor function is also reliably recorded. 
Fluoroscopy, especially when combined with 
manometry, is a sensitive method for evaluation 
of antro-pyloric motility but is subject to several 
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Fig. 3.1 Gastric 
emptying in five trained 
dogs before and after 
bilateral thoracic 
vagotomy during four 
types of intraduodenal 
infusion. The increasing 
level of stimulation of 
duodenal 
chemoreceptors by the 
250 mM hydrochloric 
acid, 10% dextrose, and 
5% fat infusates still 
slowed emptying 
progressively after 
vagotomy. The global 
slowing of emptying 
after vagotomy is 
discussed in Sect. 3.6, 
second paragraph. 
(Reproduced and 
redrawn with permission 
from Ref. [5])

major practical constraints, especially radiation 
exposure in humans [9].

The challenge of manometric recording of 
pyloric motor function was demonstrated in 
humans [10] during intraduodenal infusion of a 
high-calorie triglyceride emulsion; this stimu-
lated highly localized or “isolated” phasic and 
tonic contractions of the pyloric ring (Fig. 3.2). 

These localized pressures were detected reliably 
by the sleeve sensor, as its 3.6  cm pressure- 
sensing length remained in contact with the less 
than 9-mm-wide region of isolated pyloric tonic 
and phasic contractions [10], despite unavoidable 
movements of the pylorus relative to the mano-
metric assembly. Such movements confound 
recordings with single point pressure sensors, 
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including high-resolution manometric catheters 
with their sensor spacings of no less than 10 mm 
(Fig. 3.2).

The sleeve, coupled with transmucosal poten-
tial difference monitoring to validate its position 
astride the pylorus [10], remains the only valid 

Fig. 3.2 Manometric tracings in a healthy volunteer from 
the sleeve, positioned astride the pylorus (uppermost 
trace), and an array of side-holes 6 mm apart (SH 10–2) 
along a 24 mm segment of the sleeve. The left-hand panel 
shows a fasting phase II antro-pyloro-duodenal pressure 
event sweeping across the pylorus. The right-hand panel 
recording was made during inhibition of antral pressure 

events and stimulation of localized contractions of the 
pyloric ring with intraduodenal fat infusion. The isolated 
pyloric tonic and phasic contractions are only present over 
side-hole 8, documenting the very narrow zone of pyloric 
activity. The sleeve tracing also records the phasic and 
tonic pyloric motor activities captured by side-hole 8. 
(Reproduced with permission from Ref. [10])
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method for monitoring of pyloric motor function. 
This technique was used in all of the studies of 
pyloric motility cited below.

3.5.2  Chemoreceptor Control 
of Antral and Pyloric Motor 
Functions in Humans

In humans, emptying of a small radiolabeled 
nutrient meal into the duodenum or direct intra-
duodenal infusion of substances that stimulate 
duodenal chemoreceptors causes inhibition of 
antral motility and stimulation of localized tonic 
and phasic pyloric contractions [10–13]. This 
pattern of response is maintained for at least 
90 minutes by continuous provocative intraduo-
denal infusions [10, 14–17] and is blocked by 
atropine [15, 17].

Concurrent fluoroscopy and manometry in 11 
healthy men has directly confirmed that a pro-
vocative duodenal infusion causes active closure 
of the pylorus during localized pyloric tonic and 
phasic contractions [9] (Fig.  3.3). This finding 
emphasizes the capability of the pylorus to seal 
off the exit from the stomach, while inhibition of 
the proximal and distal stomach contractions can 
only suspend gastric pumping and grinding. The 
“plug in the bottle” function of the pylorus might 
be a mechanism that becomes progressively more 
important, as the larger the size of the meal, the 
greater is the passive force that favors emptying 
across a relaxed pylorus. However, there is a 
dearth of data on gastro-pyloro-duodenal motor 
function after consumption of a normal-sized 
“main” meal.

3.5.3  Studies in Pigs and Dogs 
of Pathways via Which 
Duodenal Chemoreceptors 
Alter Antral and Pyloric Motor 
Function

In chronic studies in awake pigs with intact vagi, 
pyloric excision abolished the inhibition of antral 
pressure events normally induced by duodenal 

infusion of an isotonic dextrose/saline solution 
[18]. This suggests that the antral inhibition is 
signaled by intramural nerves (divided by the 
pyloric excision) that travel orad from the duode-
num to the antrum, a conclusion that is at odds 
with studies of duodenal transection discussed in 
the next paragraph.

Duodenal transection with immediate reanas-
tomosis (and no resection) restores normal gross 
anatomy but results in persisting interruption of 
intramural nervous pathways. This intervention 
has only been used in pigs to investigate path-
ways activated by duodenal distension that slow 
gastric emptying. In six unsedated, trained pigs, 
midduodenal balloon distension caused a dose- 
related stimulation of localized pyloric contrac-
tions, inhibition of antral pressure events, and 
retardation of gastric emptying [19]. In another 
six pigs whose duodenum had been transected 
just aborad of the pylorus, duodenal balloon dis-
tension failed to stimulate pyloric motor func-
tion, consistent with this being caused by 
ascending intramural nerves. Confusingly 
though, given the findings discussed in the para-
graph immediately above [18], the duodenal bal-
loon distension-induced antral motor inhibition 
persisted [19], suggesting these effects were 
vagally induced.

In a study of antral transection in five awake 
pigs, control measurements before transection 
confirmed that intraduodenal infusion of 25% 
dextrose stimulated localized pyloric contrac-
tions and inhibited antral pressure events [20]. 
The antrum was then transected 2 cm orad of the 
pylorus: as expected, the 25% dextrose-induced 
stimulation of localized pyloric contractions per-
sisted, but the inhibition of antral motility was 
unaffected by the antral transection, consistent 
with it being mediated via the vagus.

An approach developed by E.E Daniel has 
been used to investigate pathways of duodenal 
control of pyloric motor function in acute studies 
on laparotomized, anesthetized dogs [21, 22] 
(Fig.  3.4). Bilateral cervical vagotomy had no 
consistent effect on sleeve-recorded localized 
basal pyloric motility. Electrical field stimulation 
of the proximal duodenum stimulated localized 
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Fig. 3.3 Fluoroscopic appearances of the antrum (right 
side) pylorus (center) and proximal duodenum (left side) 
in a healthy human volunteer during stimulation of local-
ized pyloric contractions by an intraduodenal fat infusion. 
The concurrent pyloric sleeve pressure recording dis-
played in the lower frame synchronized fluoroscopy with 

manometry. The narrow pyloric ring is closed over the 
sleeve assembly (the radio-opacity across the pyloric ring 
is due to a spring-wire sleeve stiffener), and during this 
motor pattern, no barium traversed the pylorus. 
(Reproduced with permission from Ref. [9])

pyloric contractions, an effect blocked by the tar-
geted intra-arterial delivery of atropine, hexame-
thonium, and tetrodotoxin to the proximal 
duodenal/pyloric region. Duodenal transection 
orad of the duodenal field stimulation electrodes 
also abolished their effect on pyloric motility, 
indicating that the pylorus was stimulated by an 
ascending intramural pathway from the duode-
num to the pyloric ring [21].

A further study in anesthetized dogs [22] doc-
umented stimulation of phasic and tonic local-
ized pyloric and proximal duodenal pressure 
events within several seconds of the start of an 
intraduodenal infusion (0.92  ml/minute for 
2 minute) of 0.1 normal hydrochloric acid. This 
response was mimicked by intraduodenal infu-
sion of the sensory nerve-end stimulant, phenyl- 
biguanide. In contrast, these acid-induced pyloric 
phasic and tonic pressure events were blocked by 
an intraduodenal infusion of 2% xylocaine and 
intravenous or close intra-arterial injection of 
atropine or hexamethonium. Bilateral cervical 
vagotomy had no effect on these pyloric 
responses.

3.6  Synthesis: Paths of Duodenal 
Chemoreceptor Control 
of Antral and Pyloric Motor 
Function During Normal 
Nutrient Processing

Though the data summarized above on the path-
ways of duodenal chemoreceptor control of 
antral motor function are conflicting, the weight 
of the evidence suggests that the vagi are the 
main signaling pathway through which duodenal 
chemoreceptors modulate antral motility via a 
vago-vagal pathway.

Data on the pylorus point overwhelmingly to 
duodenal chemoreceptors stimulating the pylorus 
via ascending duodenal intramural nerves. 
Pharmacological data, mainly from anesthetized 
dogs, are consistent with this pathway being a 
chain of orally projecting cholinergic nerves.

The existence of a rich extrinsic innervation in 
the stomach and pylorus [4] is a reminder that the 
vagus can influence gastric motor function as 
well as secretion. The retardation of emptying by 
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Fig. 3.4 Schematic of the technique developed by EE 
Daniel, which was used by Allescher et al. [22] to investi-
gate pyloric motor function in the anesthetized dog. A 
multilumen sleeve/side-hole catheter was passed via a 
gastrotomy so that the 3  cm sleeve (S) was astride the 
pylorus and side-holes (SH) were in the antrum and duo-
denum at each end of the sleeve. Strain gauges (SG) were 
sutured to the antrum and proximal duodenum. Silver 

wire electrical field stimulation electrodes (E) were 
embedded in the proximal duodenum. Two cannulae 
enabled close intra-arterial injections of drugs to the pylo-
rus and antrum. The perfusion territory covered by these 
cannulae was confirmed initially by observing blanching 
following an injection of a bolus of Krebs solution and at 
the end of each study by injection of black ink. 
(Reproduced with permission from Ref. [21])

truncal vagotomy [5] mentioned in Sect. 3.3 
(Fig.  3.1) was probably due to interruption of 
descending vagal nerves that modulate the spatial 
patterning of gastric motor function. These 
extrinsic nerves enter the wall of the stomach and 
then project intramurally along the antrum. 
Studies in pigs have shown that division of these 
nerves by antral transection with reanastomosis 
retards gastric emptying by causing earlier-than- 
normal closure of the pyloric ring during antro- 
pyloric contractions, with reduction of the 
volume of flow pulses delivered into the duode-
num [20].

The modulation of motor mechanisms by duo-
denal chemoreceptors that occurs within seconds, 
and the data from physical and pharmacological 
interventions on duodenal intramural nervous 

pathways indicate that neural pathways are of 
paramount importance for driving duodenal che-
moreceptor–induced modulations of antro- 
pyloric motor function. This does not exclude the 
possibility that hormone release can, in certain 
circumstances, also play a modulatory role.

3.7  Duodenal Chemoreceptors 
and the Duodenal Brake 
Mechanism

The term “duodenal brake” appears to have first 
been used by Shadidullah et al. in 1975 [5], but 
this term was then used to refer to the ability of 
duodenal luminal receptors to slow gastric emp-
tying, through undefined motor mechanisms. Rao 
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et al. have revived and extended the concept of a 
“duodenal brake” with limited fluoroscopic data 
that indicate that there is a motor mechanism, 
which can prevent outflow of duodenal content 
into the proximal jejunum [23].

In a recent manometric study summarized 
below, we have described a specialized zone of 
motor function, which extends from the very dis-
tal duodenum into the proximal jejunum; we 
have proposed that this is the brake mechanism. 
Furthermore, we suggest that this mechanism 
plays a significant role in the control of normal 
nutrient emptying.

3.7.1  Fluoroscopic Demonstration 
of the Duodenal Brake

Fluoroscopic observations in healthy subjects by 
Rao et al. (1996) have revealed a motor mecha-
nism at the very distal duodenum of healthy sub-
jects, which causes closure of the extreme distal 
duodenal lumen [23]. This occlusion was trig-
gered by an intraduodenal infusion of the lipid- 
rich sodium oleate solution made radio-opaque 
with a barium suspension. The duodenal closure 
developed within about 15 seconds of starting the 
1  minute 0.33  ml/second infusion (Fig.  3.5). 
Control normal saline/barium duodenal infusions 
passed freely into the jejunum.

The above duodenal infusates were probably 
supraphysiological and so, activation of the duo-
denal brake could have been either due to a 
mechanism normally active during gastric emp-
tying of nutrient or to a duodenal “alarm” 
response to a pathologically intense stimulus.

3.7.2  Manometric Definition 
of the Duodenal Brake

The study of Rao et  al. [23] included measure-
ments from several duodenal manometric sen-
sors, but all of these were positioned well orad of 
the duodenal brake zone defined on fluoroscopy. 
In a study of healthy subjects, we have used a 
high-resolution, fiber-optic manometric catheter 
incorporating 72 sensors, each spaced at 1  cm 

intervals [24]. This had been modified especially 
for upper gastrointestinal intubation [25] and 
enabled sensors to be placed into the region of the 
duodenal brake, allowing for the first detailed 
manometric recordings of fed-state pressure pat-
terns within the region. After a period of fasting 
recordings, fed-state pressure patterns were 
recorded for at least an hour after ingestion of a 
200 ml, 480 kcal nutrient drink.

Fed-state recordings In all 15 subjects, the most 
aborad pressure sensor was beyond the duodeno- 
jejunal flexure, and in 12, it was at least 15 cm 
beyond this landmark. Thus, the zone of the duo-
denal brake identified by Rao et al. [24] was well 
encompassed. After ingestion of the nutrient 
drink, each subject showed development of a 
sharp transition of pressure patterns at a mean of 
18.8 ± 3.7 cm (range 13–28 cm) aborad from the 
pylorus [25] (Fig.  3.6). Beyond this transition 
point, the dominant motor pattern was regular, 
nonpropagating pressure events at 
11.5 ± 0.5 cycles per minute, which extended to 
the end of the recording sensors in all subjects, in 
some cases for more than 20 cm aborad from the 
transition point. We named this motor pattern the 
duodeno-jejunal complex (DJC).

Orad of the transition point, in the duodenal 
loop, pressure events were less frequent and 
dominated by aborad-propagated events at a rate 
of 4–6/minute, more than half of which travelled 
more than 10 cm along the duodenal loop region 
(Figs. 3.6 and 3.7). These data show that the duo-
denum and upper jejunum have two major zones 
from the perspective of fed-state motor function: 
the zone between the pylorus and transition point 
has been named the duodenal loop (DL) region 
and that aborad from the transition the duodeno- 
jejunal (DJ) region [25].

Typically, vigorous DJC activity started within 
90 seconds after complete ingestion of the nutri-
ent drink. In some subjects, DJC activity occurred 
in clusters, the onsets of which were usually 
associated with pressure events that propagated 
from the antrum across the pylorus deep into the 
DL region (Fig. 3.7), a pattern previously shown 
to propel a pulse of gastric content into the duo-
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Fig. 3.5 This shows simultaneous fluoroscopic imaging 
and manometry of the duodenum. The brake was stimu-
lated with sodium oleate mixed with a 20% barium sus-
pension. Fluoroscopy showed occlusion of the most distal 
part of the duodenum for the entire 52 seconds of fluoro-
scopic observation: the infusate remained within the duo-

denal loop. The right-hand panel displays concurrently 
recorded duodenal loop pressures, but the most aborad 
sensor was not within the occluded distal duodenum/prox-
imal jejunum. (Reproduced with permission from Ref. 
[23])

denum [8]. In all subjects, DJC activity remained 
prominent for the hour of fed-state recordings.

Fasting recordings Review of the period of fast-
ing recording immediately before ingestion of 
the nutrient drink also revealed a less obvious 
transition point of motor function in the same 
position as in the fed state (Fig. 3.8). Aborad of 
the transition, there was short-extent, low- 
amplitude DJC activity, which usually occurred 
in brief clusters, associated with just-prior groups 
of vigorous, propagated phase II antro-duodenal 
pressure events, most of which extended more 
than 10  cm into the duodenal loop region 
(Fig.  3.8). These events are known to empty 
pulses of acid into and along the duodenum [26], 
suggesting that fasting DJC activity is driven at 
least in part by episodic entry of presumably 
small volumes of acid into the duodenum during 
the highly expulsive Phase II interdigestive motor 

activity. The right-hand panel of Fig. 3.8 shows a 
period of fed-state recording in the same subject 
for comparison.

3.8  Synthesis: Interpretation 
of Duodeno-Jejunal 
Complex Activity

3.8.1  Spatial Correlation of DJC 
Activity

An abdominal X-ray at the end of recordings 
described above defined the positions of the 
radio-opaque fiber-optic sensors, so the position 
of the transition point of motor function at the 
orad margin of DJC activity could be accurately 
located in each subject. This position was consis-
tent with the localization of the duodenal brake 
by Rao et al. [23]
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Fig. 3.6 The upper panel (a) shows a 22-minute period of 
very intense fed-state duodeno-jejunal complex (DJC) 
activity, which emphasizes the existence of the transition 
point between the differing motor patterns in the duodenal 
loop and duodeno-jejunal regions. The lower panel (b) 

shows a very time-expanded small section of panel 
A. This shows the nonpropagated obstructive pattern of 
DJC activity, which extends well into the proximal jeju-
num. (Reproduced with permission from Ref. [25])

3.8.2  The Mechanical Outcome 
of DJC Activity

The repetitive, nonperistaltic, and high-frequency 
pattern of DJC pressure events is consistent with 
it impeding luminal flow (Fig. 3.6). The pattern 
of DJC activity resembles phase III of the migrat-
ing motor complex, except it is somewhat 
“ragged,” originates close to the duodeno-jejunal 
flexure, and does not propagate aborad along the 
duodenum and jejunum in a stereotyped pattern. 
Correlation of fluoroscopy with manometry by 
Schemann and Ehrlein (1986) has shown that the 

segment of small intestine involved in phase III 
activity of the migrating motor complex is 
occluded [27].

3.8.3  Entry of Chyme into 
the Duodenum Stimulates 
DJC Activity

The intensity, prevalence, and distal extent of 
DJC activity were strikingly greater in the fed 
state compared to fasting, consistent with  
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Fig. 3.7 The top panel (a) shows a 26-minute period of 
fed-state clustered DJC activity. The two panels below are 
time-expanded tracings (see time-base at the bottom of 
each panel). The left panel (b) mainly shows pressures 
aborad of the transition point. The right panel (c) is 

entirely from the duodenal loop region. Most of the very 
long segment, relatively slowly propagated antro- 
duodenal pressure events travel to the transition point. 
(Reproduced with permission from Ref. [25])

Fig. 3.8 The two panels show fasting and fed-state 
recordings from the same subject. The left-hand panel 
shows three main clusters of fasting DJC activity, follow-
ing a series of phase II antro-duodenal pressure events. 

Following the nutrient drink (right-hand panel), DJC 
activity is much more sustained and vigorous. (Reproduced 
with permission from Ref. [25])

their stimulation by chyme. As described  
above,  clusters of DJC activity were usually 
closely  preceded by expulsive antro-duodenal 
pressure events both during fasting and after  
the nutrient drink was consumed (Figs.  3.7  
and 3.8).

3.8.4  Physiological Significance 
of DJC Activity

The considerable DJC activity that occurred dur-
ing emptying of a very modest volume of highly 
nutrient liquid indicates that DJC activity is a 
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physiological mechanism, active during normal 
gastric emptying. An obvious next step in 
researching DJC activity would be to determine 
directly whether and when this motor activity 
prevents duodenal outflow and whether this is 
stimulated in a dose-related fashion by graded 
rates of delivery of provocative solutions into the 
duodenum. Such studies could be done in 
animals.

We have proposed [25] that the retention of 
content within the duodenum, along with the 
mixing duodenal loop contractions [23], ensures 
that the normal gastric, duodenal mucosal, 
hepatic, and pancreatic secretions that all come 
together in the duodenal loop (the most complex 
digestive region of the gut) are well mixed with 
chyme. We further propose that once the duode-
nal chemoreceptors detect adequate chemical 
processing of the duodenal content, the stimulus 
for DJC activity subsides, allowing emptying 
into the jejunum.

3.8.5  Pathways of Stimulation 
of DJC Activity

Assuming that DJC activity is a basic physiologi-
cal mechanism present in animals other than 
humans, the pathways that control it could be 
studied directly in acute experiments with tech-
niques similar to those used by Allescher et al. in 
dogs [21] (Fig. 3.4). The clustered patterning of 
DJC activity in close temporal association with 
propagated expulsive antro-duodenal pressure 
events is consistent with aborad signaling from 
duodenal chemoreceptors to the duodenal brake 
region on a second-by-second basis. Neural sig-
naling is the only feasible mechanism.

Given the data that support signaling from 
duodenal chemoreceptors via ascending intra-
mural nerve pathways to the pylorus discussed 
in Sect. 3.6, by far the most likely neural signal-
ing pathway would seem to be descending intra-
mural nerves to the region of the duodenal 
brake.

3.9  Potential Clinical 
Significance of the Duodenal 
Brake

This can only be a “blue sky” commentary, given 
the limited data available. An abnormally overac-
tive duodenal brake has the potential to hold the 
normal upstream motor mechanisms that control 
gastric emptying to ransom. Duodenal dilatation 
activates localized pyloric contractions and inhi-
bition of antral contractions, with attendant 
restriction of gastric outflow [19]. Abnormal 
retention of content in the duodenum could also 
cause persistent stimulation of duodenal chemo-
receptors. The other side of the coin, a “lazy” 
duodenal brake mechanism, could allow prema-
ture release of the duodenal content into the jeju-
num, with attendant symptoms due to jejunal 
maldigestion.

By determining the rate of emptying of carbo-
hydrates into the duodenum, duodenal and prob-
ably jejunal chemoreceptors also influence 
glucose tolerance. A high sugar and fat diet 
causes hypertrophy of the duodenal mucosa in 
rats with an unusually high density of entero-
chromaffin cells, in association with develop-
ment/worsening of diabetes [28]. Similar 
duodenal mucosal and small intestinal mucosal 
hypertrophy has also been reported in diabetic 
patients compared to healthy controls [28]. 
Furthermore, when the duodenum (and its che-
mosensors) is bypassed surgically in patients 
with type 2 diabetes and nonalcoholic liver dis-
ease, blood glucose control and measures of liver 
disease activity have improved [28].

Van Baar et al. (2020) [29] report that endo-
scopic hydrothermal ablation of all of the duode-
nal mucosa aborad of the sphincter of Oddi in 37 
poorly-controlled type 2 diabetic patients was 
associated with clinically valuable improvements 
of measures of blood glucose control and blood 
levels of markers of nonalcoholic fatty liver dis-
ease (p  <  0.001). These effects persisted at 
12  months. Unfortunately, this study did not 
include any measurements of motor function or 
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detailed reporting of duodenal mucosal histology. 
These remarkable results emphasize the impor-
tance of working toward better understanding of 
duodenal chemoreceptor signaling pathways.
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4Nitrergic and Purinergic Nerves 
in the Small Intestinal Myenteric 
Plexus and Circular Muscle of Mice 
and Guinea Pigs

Alberto Perez-Medina and James J. Galligan

Abstract

ATP is an excitatory and inhibitory neu-
rotransmitter, while nitric oxide (NO) is an 
inhibitory neurotransmitter in the enteric ner-
vous system (ENS). We used a vesicular 
nucleotide transporter (SLC17A9, VNUT) 
antibody and a nitric oxide synthase (NOS) 
antibody to identify purinergic and nitrergic 
nerves in mouse and guinea ileum. Mouse: 
VNUT-immunoreactivity (ir) was detected in 
nerve fibers in myenteric ganglia and circular 
muscle. VNUT-ir fibers surrounded choline 
acetyltransferase (ChAT), nitric oxide syn-
thase (nNOS), and calretinin-ir neurons. 
VNUT-ir nerve cell bodies were not detected. 
Tyrosine hydroxylase (TH)-ir nerves were 
detected in myenteric ganglia and the tertiary 
plexus. Guinea pig: VNUT-ir was detected in 
neurons and nerves fibers and did not overlap 

with NOS-ir nerve fibers. VNUT-ir was 
detected in nerve fibers in ganglia but not 
nerve cell bodies. VNUT-ir nerve fibers sur-
rounded NOS-ir and NOS− neurons. NOS-ir 
and VNUT-ir nerve fibers did not overlap in 
myenteric ganglia or circular muscle. VNUT-ir 
nerves surrounded some ChAT-ir neurons. 
VNUT-ir and ChAT-ir were detected in sepa-
rate nerves in the CM. VNUT-ir nerve fibers 
surrounded calretinin-ir neurons.

Conclusions: VNUT-ir neurons likely 
mediate purinergic signaling in small intesti-
nal myenteric ganglia and circular muscle. 
ATP and NO are likely released from different 
inhibitory motorneurons. VNUT-ir and 
ChAT-ir interneurons mediate cholinergic and 
purinergic synaptic transmission in the myen-
teric plexus.

Keywords

Purinergic nerve · Inhibitory Neurotransmis-
sion · ATP · Enteric nervous system

Highlights

• ATP and nitric oxide are important synaptic 
and inhibitory neuromuscular transmitters in 
the myenteric plexus.

• Nitric oxide synthase (NOS) is a marker for 
inhibitory motorneurons, while the vesicular 
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nucleotide transmitter (VNUT) is a purinergic 
nerve marker.

• Nitric oxide (NO) and ATP may be cotrans-
mitters, which cause muscle relaxation that is 
needed to establish intestinal pressure gradi-
ents allowing for efficient propulsion of gas-
trointestinal content.

4.1  Introduction

ATP (or related purine) and nitric oxide (NO) are 
enteric neurotransmitters. Electrophysiological 
studies show that purinergic signaling produces 
fast and slow synaptic excitation of myenteric neu-
rons [3, 21, 26] in addition to fast inhibitory junc-
tion potentials (fIJPs) recorded from circular 
smooth muscle [14, 15, 17, 23], and possibly 
excitatory junction potentials (EJPs) in the longi-
tudinal smooth muscle layer [25, 51]. P2X iono-
tropic receptors and G-protein-coupled P2Y 
purinergic receptors mediate neuronal excitatory 
and smooth muscle inhibitory and excitatory 
responses, respectively, and these mechanisms 
participate in control of gastrointestinal (GI) motil-
ity [1]. Although there is substantial functional 
data that indicate there are purinergic neurons in 
the ENS, attempts to identify these neurons using 
neurochemical tools have been unsuccessful due 
primarily to lack of suitable purinergic markers. 
Identification of purinergic nerves has been 
attempted using quinacrine- induced fluorescence 
of ATP stores [48], or by identification of tritiated 
ATP in vesicles [8]. These methods are not ideal 
because they target ATP indiscriminately, which is 
ubiquitously expressed in all cells.

Identification and cloning of the vesicular 
nucleotide transporter (VNUT, SLC17A9) in pheo-
chromacytoma-12 (PC-12) cells facilitated studies 
of purinergic neurons using VNUT antibodies [45]. 
VNUT is a 430 amino acid, 12 transmembrane 
spanning nucleotide transporter from the SLC17 
family that transports ATP into synaptic vesicles 
[45]. ATP signaling contributes to neuropathic 
hypersensitivity after peripheral nerve injury (PNI), 
and decreased expression of VNUT in SC17A9-/- 
mice is associated with diminished neuropathic 

pain after spinal nerve injury. These data highlight 
the role of VNUT- dependent ATP exocytosis in the 
nervous system. [35]. In this study, we used a 
VNUT antibody to identify the subsets of myen-
teric neurons and nerve fibers that may coexpress 
VNUT in the mouse and guinea pig ileum.

4.2  Materials and Methods

4.2.1  Animals

Male guinea pigs (200–400  g weight) obtained 
from Charles River Laboratories (Matawan, MI 
USA) and male C57/Bl6J mice (2–3 months old) 
were obtained from Jackson Laboratories (Bar 
Harbor, ME). Mice and guinea pigs were deeply 
anesthetized via isoflurane inhalation and were 
killed by bilateral pneumothorax. All procedures 
were approved by the Institutional Animal Use 
and Care Committee at Michigan State University 
(Animal use protocol #PROTO201900058).

4.2.2  Tissue Preparation

The proximal small intestine was harvested fol-
lowing euthanasia and fixed for immunohisto-
chemistry. Tissues were cleaned and pinned with 
the mucosa facing up in a Sylgard-lined petri dish 
and stored overnight at 4 °C in Zamboni’s fixative 
(4% formaldehyde with 5% picric acid in 0.1 M 
sodium phosphate buffer, pH 7.2). After overnight 
fixation, tissues were washed with 0.1  M phos-
phate buffer (PB) solution, (pH  7.2), 3 times at 
10-minute intervals, or until the wash buffer was 
free of yellow coloring due to the presence of pic-
ric acid. Whole-mount longitudinal muscle myen-
teric plexus (LMMP) preparations were made 
following microdissection of the mucosa, submu-
cosa, and circular muscle layers. Circular muscle 
strips were kept for immunohistochemical label-
ing. LMMP preps and circular muscle strips were 
then incubated overnight at 4  °C with primary 
antibodies. The tissue preps were then washed 3 
X at 10-minute intervals and incubated with the 
secondary antibody (Table 4.1) for 1 hour at room 
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Table 4.1 Secondary antibodies used in this study

Antibody Source Cat. # Lot # Dilution Supplier
Anti-rabbit-Cy3 Donkey 711-166-152 131,954 1:200 Jackson Labs
Anti-rabbit-Cy3 Donkey 705-166-147 131,306 1:200 Jackson Labs
Anti-rabbit-Cy3 Donkey 711-096-152 125,792 1:200 Jackson Labs
Anti-sheep-FITC Donkey 713-096-147 123,217 1:200 Jackson Labs

temperature. Double-staining was accomplished 
by pairing the VNUT antibody with other primary 
antibodies followed by labeling with appropriate 
secondary antibodies conjugated to red and green 
fluorophores (Table  4.1). Secondary antibodies 
were removed by 3 × 10 min washes in PB and 
then mounted on a glass slide with ready-to-use 
mounting medium (ProlongTM Gold Antifade, 
Thermofisher, Cat No: P36961).

4.2.3  Fluorescence Microscopy

LMMP and CM preps were examined by conven-
tional microscopy using a Nikon TE2000-U 
Inverted Microscope (Nikon TE2000-U series, 
Nikon Corporation, Tokyo, Japan) with 
MetaMorph image acquisition and analysis soft-
ware. All images were obtained with a CFI Plan 
Fluor 20X NA: 0.50 (air) and CFI Plan Fluor 40X 
NA: 0.75 (air) objectives. Epitopes tagged with 
Cyanine 3 (Cy3), or fluorescein isothiocyanate 
(FITC) fluorophores were visualized using Nikon 
Filter cubes Cy GFP and B-2E/C. Colocalization 
of VNUT-ir with markers for subsets of myen-
teric neurons was determined by merging images 
taken from both fluorophores at the same focal 
plane.

4.3  Results

4.3.1  Nitric Oxide Synthase (NOS)

Myenteric plexus. NOS-immunoreactive (ir) 
nerve cell bodies and nerve fibers were detected in 
the small intestinal myenteric plexus of guinea 
pigs and mice (Fig. 4.1). In guinea pigs, VNUT-ir 
nerve fibers were detected in the ileal myenteric 
plexus, but these did not overlap with NOS-ir 

nerve fibers or nerve cell bodies (Fig.  4.1a). 
VNUT-ir nerve fibers formed pericellular baskets 
that surrounded some NOS-ir neurons and 
VNUT-ir nerve fibers formed pericellular baskets 
around NOS-positive and NOS-negative neurons 
in guinea pig myenteric ganglia. NOS-ir did not 
overlap with VNUT-ir nerve fibers in guinea pig 
myenteric ganglia (Fig.  4.1a). VNUT-ir and 
NOS-ir nerve fibers were detected in the circular 
smooth muscle with colocalization of some nerve 
fibers (Fig.  4.1b). Data obtained with mouse 
myenteric ganglia (Fig.  4.1c) showed VNUT-ir 
nerve fibers in myenteric ganglia and in the circu-
lar muscle layer with occasional overlap between 
VNUT-ir and NOS-ir nerve fibers in myenteric 
ganglia and in the circular muscle layer (Fig. 4.1d).

4.3.2  Choline Acetyltransferase 
(ChAT)

ChAT-ir was expressed in myenteric neurons in 
the ileum and in nerve fibers supplying the circu-
lar muscle layer (Fig.  4.2a, b). In addition, 
VNUT-ir varicose nerve fibers surrounded 
ChAT-ir nerve cell bodies in the guinea pig and 
mouse myenteric plexus. ChAT-ir neurons were 
also detected in the mouse ileum myenteric 
plexus with varicose VNUT-ir nerve fibers sur-
rounding ChAT-ir neurons and ChAT-negative 
neurons (Fig. 4.2c). There was little or no overlap 
between ChAT-ir and VNUT-ir nerve fibers in the 
circular muscle layers (Fig. 4.2b, d).

4.3.3  Calbindin (CalB)

VNUT-ir and CalB-ir were expressed in separate 
groups of myenteric nerve fibers and cell bodies 
(Fig. 4.3a, c). VNUT-ir nerve cell bodies were not 
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Fig. 4.1 Localization of nNOS-ir and VNUT-ir in the 
myenteric plexus and circular muscle of the guinea pig (a, 
c) and mouse ileum (b, d). VNUT-ir is present in nerve 
fibers in myenteric ganglia of guinea pigs (a) and mice 
(b), but nerve cell bodies are not detected in ganglia. 
nNOS-ir is expressed in myenteric neurons of guinea pigs 

(a) and mice (b). The merged images for nNOS-ir and 
VNUT-ir show that there is no overlap between VNUT-ir 
and NOS-ir nerve fibers in myenteric ganglia of guinea 
pigs (a) or mice (b) or in the circular muscle layer of 
guinea pigs (c) and mice (d)

detected, but there was dense innervation of 
myenteric ganglia by VNUT-ir nerve fibers. 
CalB-ir nerve cell bodies were restricted to the 
myenteric plexus in guinea pig and mouse 
 intestine (Fig.  4.3a, c), and CalB-ir was not 
detected in the circular muscle layer of guinea 
pigs or mice (Fig. 4.3b, d).

4.3.4  Calretinin (CalR)

CalR-ir is expressed in neurons in the myenteric 
plexus of the guinea pig (A) and mouse (C) small 
intestine. VNUT-ir nerve varicosities surrounded 
many CalR-ir nerve cell bodies in guinea pig and 
mouse myenteric ganglia. CalR-ir and VNUT-ir 
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Fig. 4.2 Localization of ChAT-ir and VNUT-ir in myen-
teric ganglia and circular muscle of guinea pig (a, b) and 
mouse ileum (c, d). VNUT-ir is present in myenteric nerve 
fibers of guinea pigs (a) and mice (c), but neurons are not 
detected in myenteric ganglia. nNOS-ir is in guinea pig 

(a) and mouse (b) myenteric neurons. Merged images for 
nNOS-ir and VNUT-ir show little overlap between 
VNUT-ir and NOS-ir nerve fibers in myenteric ganglia of 
guinea pigs (a) or mice (c) or in the circular muscle of 
guinea pigs (b) and mice (d)

nerve fibers were detected in myenteric ganglia 
and circular muscle, but there was little overlap 
between CalR-ir and VNUT-ir neurons or nerve 
fibers in myenteric ganglia (Fig. 4.4a, c). VNUT-ir 
and CalR-ir nerve fibers were localized to the cir-
cular muscle layer of guinea pigs and mice, but 
there was little overlap between VNUT-ir and 
CalR-ir nerve fibers in the circular muscle 
(Fig. 4.4b, d).

4.4  Discussion

4.4.1  VNUT-ir and NOS-ir

NOS-ir is found in nerve cell bodies and nerve 
fibers in the myenteric plexus of the guinea pig 
and mouse ileum [5, 12, 33]. NOS synthesizes 
NO as an inhibitory neuromuscular transmitter in 
the ENS [6, 15]. In ileal LMMP preparations, 
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Fig. 4.3 Localization of calbindin-ir (Calb) and VNUT-ir 
in the myenteric plexus and circular muscle of guinea pig 
(a, c) and mouse duodenum (b, d). VNUT-ir is in nerve 
fibers in myenteric ganglia of guinea pigs (a) and mice 
(c), but nerve cell bodies are not detected in myenteric 

ganglia. Calb-ir is expressed in myenteric neurons of 
guinea pigs (a) and mice (c). Merged images show no 
overlap between VNUT-ir and NOS-ir nerve fibers in 
myenteric ganglia of guinea pigs (a) or mice (c) or in cir-
cular muscle layer of guinea pigs (b) and mice (d)

VNUT-ir varicose nerve fibers form pericellular 
baskets that surround most cell bodies labeled 
with the NOS antibody. Pericellular baskets are 
indicative of synaptic sites of neurotransmitter 
release to the cells they surround [34, 40]. This 
finding is not surprising as NOS-ir neurons 
express purinergic receptors and require puriner-
gic innervation in order to generate fEPSPs dur-
ing receptor activation [4, 22]. In the small 

intestine, NOS neurons comprise 21% of all neu-
rons, they all have Dogiel Type I morphology, 
and they are interneurons and excitatory and 
inhibitory motorneurons (IMNs) [13]. NOS-ir 
IMNs are immunoreactive for vasoactive intesti-
nal peptide (VIP) [5], and about 25% of IMNs do 
not contain NOS-ir [44].

In addition to ACh and 5-HT, descending 
interneurons can release ATP to stimulate post-
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Fig. 4.4 Myenteric neurons and nerve fibers in the circu-
lar muscle of guinea pig (a, c) and ileum (b, d). 
Calretinin-ir is expressed in cell bodies and nerve fibers in 
ganglia of guinea pigs (a) and mice (c). VNUT-ir neurons 
are not detected in ganglia. Merged images for nNOS-ir 

and VNUT-ir show little or no overlap between VNUT-ir 
and NOS-ir nerve fibers in ganglia of guinea pigs (a) or 
mice (c) or in the circular muscle of guinea pigs (b) and 
mice (d)

synaptic P2X receptor activation of IMNs and 
other descending interneurons [3, 27, 30, 31]. 
Alternatively, it has been shown in guinea pigs 
[47], mice [18], pigs [20], rats [24], and humans 
[19] that IMNs innervating the muscle layers 
release a purine, arguably ATP, to trigger fast IJPs 
causing muscle relaxation via P2Y1 receptor 
activation. Consistent with previous studies, we 

found that VNUT-ir varicose nerve fibers project 
from the myenteric plexus to the tertiary plexus 
and circular muscle. Additionally, a significant 
portion of these purinergic nerves also contain 
NOS-ir. These findings align with the current 
model that one population of IMNs coreleases 
ATP and NO to cause smooth muscle relaxation. 
However, VNUT and NOS are localized in sepa-
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rate neurons projecting to the tertiary plexus. 
Several studies reveal that ATP is an excitatory 
neurotransmitter in the longitudinal muscle of 
guinea pig ileum [25, 43, 51], suggesting that 
purinergic nerves innervating the longitudinal 
muscle may cause contractions and relaxations 
needed for propulsive reflexes.

4.4.2  VNUT-ir and ChAT-ir

VNUT-ir nerve fibers were found to innervate 
cholinergic neurons of the guinea-pig ileum 
myenteric plexus. ACh is the prominent excit-
atory neurotransmitter in the ENS, and ACh stim-
ulates contraction [39, 46]. ChAT is the enzyme 
that synthesizes Ach and, therefore, it is an ideal 
marker to study enteric cholinergic neurons [5]. 
VNUT-ir nerve fibers innervate Dogiel Type I 
and II neurons, because ChAT-ir is expressed by 
both classes of myenteric neurons [41], plus both 
types of neurons are immunoreactive for puriner-
gic P2X receptors [16, 32]. However, Dogiel 
Type I cholinergic neurons comprise about half 
of the total myenteric neuronal population, which 
include interneurons and motorneurons. 
Conversely, Dogiel Type II cholinergic neurons 
are intrinsic primary afferent neurons (IPANs) 
that have immunoreactivity for the calcium- 
binding protein calbindin-D28K.  However, in 
mice, some IPANS are immunoreactive for cal-
retinin, another calcium-binding protein [5, 41].

In contrast to these findings, myenteric 
VNUT-ir nerve fibers that project from one gan-
glion to another, or to the tertiary plexus, only 
contain VNUT-ir. A subpopulation of descending 
interneurons may mediate mixed cholinergic/
purinergic fast excitatory postsynaptic potentials 
(fEPSPs) [30, 31], yet our finding indicates a 
purine-only population of descending interneu-
rons may exist as well. ACh is the primary excit-
atory neurotransmitter controlling GI motility [9, 
29], while purines have multiple roles in the GI 
tract, they contribute significantly to smooth 
muscle relaxation [10]. However, there does 
appear to be fiber bundles in the circular smooth 
muscle that express VNUT and ChAT, yet they 
rarely colocalize. GI motility requires synchro-

nized muscle contraction and relaxation to allow 
mixing and propulsion of gut content. Therefore, 
having both markers present in the same nerve 
bundles is conceivable.

4.4.3  VNUT-ir and CalB-ir

Calbindin (CalB)-ir is visible on cell bodies and 
nerve fibers in the myenteric plexus, but rarely 
visible in the circular muscle or the tertiary 
plexus. These observations are consistent with 
past descriptions of calbindin-ir in guinea pig tis-
sues [13, 38, 41, 42, 44]. Also, VNUT-ir nerve 
fibers were not immunoreactive for CalB. CalB-ir 
is localized to Dogiel type II neurons, which are 
intrinsic primary afferent neurons (IPANs) [15]. 
IPANs express P2X2 purinergic ion channel 
receptors [11, 14, 32], but our data suggest that 
VNUT-ir nerve fibers are less likely to synapse 
with IPANS. One explanation is that control of 
gut motility requires fast purine release, and thus, 
only myenteric neurons involved with this mech-
anism, such as motorneurons, maintain direct 
synaptic innervation by VNUT-ir varicose fibers. 
Conversely, many IPANs have long processes 
that extend into mucosal villi and activation of 
these fibers is due to changes in luminal chemis-
try and mechanical distortion of mucosal villi. 
IPANs contribute to nerve circuits in the myen-
teric plexus by connecting to interneurons that in 
turn trigger motor and secretory reflexes [2, 16, 
28]. Therefore, purinergic receptor activation of 
IPANs may play a modulatory role and does not 
require direct purinergic innervation.

4.4.4  VNUT-ir and CalR-ir

The calcium-binding protein calretinin (CalR) is 
used as an immunological marker for cholinergic 
excitatory motor neurons (EMNs) in the guinea 
pig, [34]. In the guinea pig ileum, CalR is 
expressed in nerve fibers located in the myenteric 
plexus, tertiary plexus, but not in the circular 
smooth muscle [7]. In contrast to this, CalR-ir is 
present in the circular smooth muscle of the 
guinea pig ileum [36, 37], which is consistent 
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with our findings. Double immunolabeling of 
CalR with VNUT, however, revealed no colocal-
ization of the markers in nerve fibers within the 
myenteric plexus, suggesting that EMNs are less 
likely to be purinergic [41]. On the other hand, 
purinergic varicose fibers formed perivascular 
baskets that surrounded CalR-ir cell bodies. 
These baskets are less prominent in the ileum. 
High numbers of CalR neurons are immunoreac-
tive for purinergic receptors, including the iono-
tropic P2X2 receptors [16, 49]. Therefore, it 
likely that VNUT-ir nerve fibers innervate EMNs 
to generate fEPSPs via P2X receptors, resulting 
in contraction of GI muscles [50]. In contrast, 
CalR-ir is not expressed by Dogiel type II neu-
rons in guinea pigs [5], which means that EMNs 
are innervated by purinergic neurons. VNUT-ir 
and calretinin-ir do not colocalize in nerve fibers 
in the tertiary plexus and circular muscle layer. In 
addition, VNUT-ir and CalR-ir coexpression in 
some nerve bundles innervating the ileum, duo-
denum, and stomach circular muscle layers was 
observed. These findings are not surprising as the 
primary function of purines in the circular mus-
cle is to cause GI smooth muscle relaxation along 
with NO [20, 23]. Moreover, CalR-ir and NOS-ir 
are expressed in different motorneuron subtypes 
[16] and our data show VNUT-ir and NOS-ir 
colocalization in nerve fibers at the muscle lay-
ers. Therefore, VNUT is likely expressed in a 
subclass of IMNs that innervate the circular mus-
cle layer.

4.4.5  Summary and conclusions

VNUT-ir neurons are a subset of myenteric neu-
rons that likely mediate purinergic signaling in 
myenteric ganglia and circular muscle. ATP and 
NO may be released from separate groups of 
inhibitory motorneurons to cause circular mus-
cle relaxation. There are also separate groups 
of VNUT-ir and ChAT-ir myenteric nerves, sug-
gesting that cholinergic and purinergic synaptic 
transmission is mediated by separate groups of 
interneurons. ATP (or related purine) is an impor-
tant excitatory synaptic and inhibitory neuromus-
cular transmitter in the ENS of mice and guinea 

pigs. NOS is a marker for neurons that use NO 
as a transmitter, while VNUT is a marker for  
purinergic nerves. NO is an important inhibitory 
neuromuscular transmitter that collaborates with 
ATP (or related purine) to cause muscle relaxation. 
Muscle relaxation is essential for efficient pro-
pulsion of gastrointestinal content.FundingThis 
project was funded by the National Institutes of 
Digestive Diseases and Kidney (NIDDK) Grant 
#R01 DK121272.
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5Mechanosensitive Enteric Neurons 
(MEN) at Work

Gemma Mazzuoli-Weber

Abstract

In the last decade, we characterized an enteric 
neuronal subpopulation of multifunctional 
mechanosensitive enteric neurons (MEN) 
while studying the gastrointestinal peristalsis. 
MEN have been described in a variety of gas-
trointestinal regions and species. This chapter 
summarizes existing data on MEN, describing 
their proportions, firing behaviors, adaptation 
musters, and chemical phenotypes. We 
also  discuss MEN sensitivity to different 
mechanical stimulus qualities such as com-
pression and tension along with pharmacol-
ogy of their responses.

Keywords

Mechanosensitivity · Myenteric neurons · 
Multifunctionality · Compression/distention

5.1  Enteric Nervous System 
and Mechanosensitive 
Enteric Neurons

The enteric nervous system (ENS), as third divi-
sion of the autonomous nervous system, is 
located directly inside the gastrointestinal wall 
and it is able to control all gut functions autono-
mously. These functions are, among others, regu-
lation of absorption, secretion, blood flow, 
immune response and motility, during digestive 
and interdigestive states. In order to control and 
regulate gastrointestinal functions, the ENS 
needs sensors capable of perceiving biochemical 
and mechanical stimuli and effectors to ade-
quately respond to them. Enteric neurons, differ-
ently from central neurons, due to their particular 
localization embedded into  the gastrointestinal 
wall, are continuously subjected to deformations 
of their cell body and neurites. This makes them 
perfect candidates to sense mechanical stimuli 
and react to them. The idea of an enteric neuronal 
subpopulation with a specific “sensory” function, 
as for instance the intrinsic primary afferent neu-
rons [7, 10], has been challenged during the past 
decades by new data describing multifunctional 
enteric neurons [4, 14, 21], which are able to act 
not only as sensory neurons but also as interneu-
rons or motoneurons. We described these neurons 
as mechanosensitive enteric neurons (MEN) and 
we could identify them in a variety of regions and 
species (Table  5.1). After identifying them, we 
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studied their properties, we  analyzed their 
responses, and we characterized their functions. 
In this chapter, we will summarize existing data 
about MEN and additionally, we will provide 
unpublished data that would reveal new insights 
on their functionality.

5.2  Methods Used 
to Identify MEN

In our studies, we used wholemount preparations 
of different gastrointestinal plexus, regions, and 
species. Part of the experiments was also per-
formed in cultured myenteric neurons, in order to 
study the behavior of isolated neurons avoiding 
the influences of neighboring cells. The ultrafast 
neuroimaging technique with the voltage- 
sensitive dye Di-8-ANEPPS was used to detect 
neuronal activity in response to various mechani-
cal stimuli [12–14, 17]. Mechanical stimuli were 
distinguished between compression, tension and 
shear stress. Compression was applied classically 
by von Frey hair probe and/or with the technique 
of intraganglionic injection of a small volume of 
the same Krebs solution perfusing the tissue [5, 
14, 15, 17]. Tension was applied by strain of the 
matrix where neurons were grown and ganglionic 
stretch was applied with a self-developed stretch-
ing tool [5, 13, 17]. For application of shear 
stress, the neurons were grown in a microchannel 
and then they were exposed to different flow rates 
of Krebs solution [13]. Neuronal responses were 
recorded, as mentioned, with an ultrafast neuro-
imaging technique. This technique combines the 
advantage of recording simultaneously from all 
the neurons in the field of view and of being 
noninvasive.

5.3  Nature 
of the Mechanosensitive 
Stimuli Activating MEN: 
Sensitivity to Compression, 
Tension and Shear Stress

Traditionally, mechanosensitivity has been tested 
with compression stimuli (e.g., von Frey hair) in 
the skin and with different forms of distention of 

the gastrointestinal wall. However, distention is 
not the only stimulus that enteric neurons 
undergo. Enteric neurons are subject to different 
kinds of mechanical stimuli during gastrointesti-
nal circular and longitudinal muscle contractions/
relaxations. Indeed, enteric ganglia, especially 
from the myenteric plexus, which is embedded 
between the two gut main  muscle layers, are 
elongated, compressed and deformed due to mus-
cle activity (see Movie 1  in [14]). With experi-
ments on isolated primary cultured myenteric 
neurons, we showed that MEN are sensitive to 
different mechanical stimulus qualities: in par-
ticular, they react to compression and tension and 
to a lesser extent to shear stress [13]. Similarly, 
enteric neurons within intact tissue are sensitive 
to both compression and tension [5, 17]. Data 
from different regions and species showed that 
three different subpopulations of MEN exist: (1) 
a subpopulation of compression sensitive MEN, 
(2) a subpopulation of tension sensitive MEN and 
(3) a subpopulation of MEN, which is both com-
pression sensitive and tension sensitive. The 
nature of receptor/receptors involved is still under 
debate. The question is whether the same mecha-
noreceptor is able to sense both stimuli, or if more 
mechanoreceptors are located on the same 
neuron.

5.4  Properties of Isolated 
Myenteric MEN

Using neuroimaging in combination with an 
independent component analysis, we were able to 
reconstruct neuronal morphology and follow 
neuronal signals in order to describe innovative 
features of cultured guinea pig MEN [12]. With 
this particular setting, we recorded responses to 
target stimulations of the soma and/or of the neu-
rites of isolated enteric neurons. Of the cultured 
neurons, 45% pro cluster responded to neurite 
probing (compression  sensitive MEN). Action 
potentials generated at the stimulation site 
invaded the soma and other neurites. 
Mechanosensitive sites were expressed across 
large areas of the neurites. Many mechanosensi-
tive neurites appeared to have afferent and effer-
ent functions as those that responded to 
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deformation also conducted spikes coming from 
the soma. Mechanosensitive neurites were also 
activated by nicotine application. This supported 
the concept of multifunctionality of MEN. 14% 
of the neurons pro cluster responded to soma 
deformation. The majority of the cultured MEN 
showed slowly adapting spiking behavior, 
although significantly more MEN showed a rap-
idly adapting behavior after neurite probing. In 
addition, each mechanosensitive neuron appears 
to have multiple mechanosensitive neurites, 
which, when stimulated, responded with a simi-
lar spike discharge pattern [12].

Cultured myenteric neurons of human small 
and large intestines had similar properties. This is 
another important evidence of the transferability 
of our concept between regions and species. To 
compare MEN with another type of neurons with 
mechanosensitive properties, we cultivated dor-
sal root ganglion (DRG) neurons  of the guinea 
pig and we performed the same kind of experi-
ments on them. Compared to MEN, DRG neu-
rons were activated by neurite but not by soma 
deformation. All mechanosensitive DRG  neu-
rons showed a slow adaptation of the firing rate 
[12].

In order to answer the question if enteric neu-
rons could be activated by different mechanical 
stimuli, we recorded the activity of isolated 
myenteric neurons from 25 guinea pigs in 
response to normal stress, shear stress and strain/
tension [13]. All the stimuli induced excitatory 
responses. Tension activated 14% of the stimu-
lated myenteric neurons per cluster. They 
responded with a spike frequency of 1.9 (0.7/3.2) 
Hz (median with 25% and 75% quartiles). Shear 
stress excited only a few neurons (5.6%) with a 
very low spike frequency of 0 (0/0.6) Hz [13]. 
Paired experiments with tension and compres-
sion allowed to divide  the mechanosensitive 
enteric neuronal in the three subpopulations: (1) 
tension sensitive (37%), (2) compression sensi-
tive (17%) and (3) tension and compression sen-
sitive (46%)  MEN.  MEN responded to  shear 
stress with both rapid and slow adapting behav-
ior, whereas they respond to tension only with 
a slow adapting behavior [13]. We concluded that 
shear stress is not an adequate stimulus for MEN, 
while compression and tension can  activate 

enteric neurons. These data revealed that shear 
stress does not play a role in the neuronal control 
of motility but compression and tension.

5.5  Regional- and Species- 
Specific Differences 
in the Properties of MEN

Not all enteric neurons are mechanosensitive but 
just a subpopulation of them. The proportion of 
MENs in the ENS varies between species and 
localizations. Figure 5.1 displays the proportion 
of compression sensitive MEN per ganglion that 
we identified in the different plexuses, gut 
regions, and species.

Responses to compression and tension in all 
regions and species were reproducible when the 
same stimulus was applied twice or thrice, as 
expected, in physiology, for mechanosensors. 
Moreover, the  responses became stronger with 
increased stimulus strength.

MEN responsiveness was positively corre-
lated with the degree of ganglionic deformation 
[5, 14, 15, 17]. This could be an indication of the 
existence of low and high threshold MEN.

MEN showed rapid or slow adaptation behav-
ior. Interestingly, even after adaptation, a second 
deformation evoked spike discharge again, sug-
gesting a resetting mode of the receptors. The 
adaptation behavior appeared to be region and 
stimulus specific [5, 14, 16, 17]. In the stomach 
and in the small intestine, compression sensitive 
MEN showed mostly a rapid adaptation. In the 
large intestine, MEN responded to compression 
with both rapid and slow adaptation muster. 
When stimulated with tension, MEN responded 
in all regions mostly with a slow adaptation mus-
ter [5, 14, 17].

All compression and tension  sensitive MEN 
received fast excitatory postsynaptic potentials 
(EPSPs).

Based on data coming from our own studies, 
we can conclude that the basic properties of 
MEN, such as firing pattern, adaptation behavior, 
and proportion on the total neuronal population, 
are highly conserved between gut regions with 
different functional specialization and even 
between species (Table 5.1).
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Fig. 5.1 Compression sensitive MEN. Proportions in different plexus, regions and species

5.6  Deformation Rate

In 1917, Ulrich Trendelenburg, a German scien-
tist, meticulously described recordings of con-
trolled distension of the intestinal segment under 
physiological conditions [22]. His method to 
record intestinal motility is well known and rec-
ognized. Curiously, he showed that the initiation 
of the classical “peristaltic reflex” varied with the 
speed of intestinal distension: a rapid distension 
initiated the reflex, while with slow distension, 
the threshold was much higher or eventually, the 
reflex was not even evoked [22]. Thus, we had the 
idea that one parameter, which needs to be con-
sidered in order to study MEN activation, was the 
velocity of the deformation. In this perspective, 
we performed parallel experiments changing the 
speed of the deformation of our compression and 
tension stimuli. Experiments performed in the 
guinea pig ileum (n = 5) changing the velocity of 
deformation revealed neither significant changes 
in the neuronal responsiveness nor in the response 
patterns of MEN (Fig. 5.2).

In order to address the question whether com-
pression and tension stimuli evoking neuronal 

responses had similar deformation velocity, we 
performed parallel experiments with both stimuli 
(n  =  7). There was no significant difference 
between compression and tension stimuli 
(p  =  0.836; Mann-Whitney Rank Sum Test; 
unpublished data). We also did not observe any 
correlation between the deformation velocity and 
neuronal responsiveness (n = 7).

5.7  Myenteric 
and Submucosal MEN

Neurons residing in the myenteric plexus are the 
ones mainly involved in the control of gastroin-
testinal motility. Thus, we first concentrated our 
studies on this plexus. Our findings revealed, 
indeed, the presence of MEN in the myenteric 
plexus of various gastrointestinal regions 
(Table 5.1). However, we hypothesized that MEN 
are also present in the submucosal plexus. This 
idea was based on two facts. First fact is a study, 
which demonstrated in the submucosal plexus of 
the guinea pig intestine an increased early gene 
marker Fos immunoreactivity in response to a 
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Fig. 5.2 The effect of increasing stimulation velocities 
was tested in paired experiments in 9 ganglia from the 
ileum of 5 guinea pigs. Neither the number of MEN pro 
ganglion nor their action potential frequency showed a 

significant difference between the randomly applied dif-
ferent stimulus velocities (one-way ANOVA with repeated 
measures test, not significant)

puff of nitrogen directly on the mucosa [10]. 
Second fact is the observation that in Ussing 
chamber voltage clamp experiments, distension 
of submucosa/mucosa intestinal preparations 
evoked chloride secretion, which was signifi-
cantly reduced in tetrodotoxin (TTX), indicating 
that submucosal sensory neurons involved in 
secretion must respond to deformation ([3, 23]; 
personal observations). In order to prove or dis-
prove our hypothesis, we applied the same type 
of mechanical stimuli in the submucosal plexus. 
Such stimuli have been successfully used in the 
myenteric plexus to activate MEN. We performed 
these experiments in the guinea pig  colon 
(n  =  10), porcine proximal (n  =  25)  and distal 
colon (n = 21) and human colon (n = 27). Results 
indicated the presence of compression sensitive, 
tension  sensitive, and compression and ten-
sion  sensitive MEN in the colonic submucosal 
plexus [5].

5.8  MEN Neurochemical 
Phenotype

In myenteric plexus of the ileum, 72% of com-
pression  sensitive MEN were cholinergic and 
22% were nitric oxide synthase (NOS) immuno-

reactive [14]. In the gastric corpus, 55% of com-
pression  sensitive MEN showed cholinergic 
phenotype and 45% were NOS antibody immu-
noreactive [17]. The proportion of nitrergic neu-
rons was even higher (64%) for tension sensitive 
MEN: the functional relevance of this finding is 
probably to be linked to the nerve-dependent, 
nitric  oxide-mediated gastric volume 
accommodation.

In the guinea pig submucosal plexus of the 
distal colon, ~65% of the compression sensitive 
MEN were cholinergic. In the same region, we 
identified ~60% cholinergic tension  sensitive 
MEN (unpublished data).

Data from the porcine large intestine revealed 
that in the proximal colon, ~70% of the compres-
sion or tension sensitive neurons were choliner-
gic, with ~65% of them coexpressing substance P 
(SP). NOS-expressing compression or ten-
sion  sensitive neurons were ~3%. In the distal 
colon of the pig, ~64% of the neurons were cho-
linergic, with ~60% of them also coexpressing 
SP. NOS-expressing compression or tension sen-
sitive neurons were here 12% and 19%, respec-
tively [5].

We speculate that these submucosal MENs 
function as multifunctional sensory-secretomotor 
neurons.
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5.9  Pharmacology of MEN

Experiments with pharmacology are critical to 
understand the mechanotransduction machinery 
of MEN. Since these experiments have been per-
formed mostly with compression stimuli, we can 
draw our conclusions only for compression sen-
sitive MEN.  In the guinea pig ileum, compres-
sion stimuli evoking spike discharge were not 
influenced by synaptic blockade with hexame-
thonium, ω-conotoxin or low Ca2+/high Mg2+, 
defunctionalization of extrinsic afferents with 
capsaicin or muscle paralysis with nifedipine, 
suggesting a direct activation of compression sen-
sitive MEN.  In the stomach, corpus MEN 
responses were significantly decreased after per-
fusion of low Ca2+/high Mg2+, capsaicin, and cap-
sazepine, indicating a modulatory role in MEN 
responses of transient potential receptor vanilloid 
1–expressing extrinsic nerves.

Perfusion with the fast Na+ channel blocker 
TTX, as expected, lowered the number of MEN 
both in the ileum and in the stomach. However, 
there was still a MEN subpopulation, which was 
responding in TTX ([17] and unpublished data). 
We hypothesized that these neurons fired 
calcium- driven action potentials or that our 
mechanical stimulus activated TTX-insensitive 
sodium channels, which must be voltage 
independent.

Recently, searching plausible candidates for 
the putative channels responsible for MEN mech-
anotransduction, we bumped into Piezo proteins. 
These proteins have been identified as 
 mechano- activated cation channels in different 
eukaryotic cells [1, 2, 9, 24]. Results of pharma-
cological experiments using the toxin GsMTx4 
to block Piezo channels did not confirm the 
hypothesis of an involvement of these channels in 
enteric neurons mechanosensitivity [18].

We are keen performing other pharmacologi-
cal experiments to reveal receptors or channels 
involved in MEN mechanotransduction. All in 
all, the results of the pharmacological experi-
ments led us to the hypothesis that more than one 
channel/mechanism is involved in mechanosensi-
tivity of MEN. It still remains to be cleared if ten-

sion  sensitive MEN present the same 
pharmacology.

5.10  Multifunctionality

We performed experiments stimulating enteric 
neurons mechanically in preparations where we 
previously identified interneurons and motor 
neurons with the DiI retrograde tracing technique 
[14]. These experiments proved that MEN are 
able not only to sense the mechanical stimulus, 
but also to function as interneurons or even moto-
neurons; hence, they can be defined as multifunc-
tional neurons. Experiments on isolated enteric 
neurons reinforced this hypothesis, showing that 
MEN possess mechanosensitive processes (affer-
ent) and, at the same time, they have processes 
with motor (effector) functions [12]. Differently 
from the central nervous system (CNS), multi-
functionality is not a new concept in the ENS. 
Indeed, examples of multifunctional mechano-
sensitive neurons have been described in the 
myenteric plexus of the esophagus, stomach, and 
colon [4, 20, 21].

From an evolutionary point of view, neurons 
with more than a single function have been 
described in different invertebrate organisms, for 
instance, in the gastropod mollusc well recog-
nized as “model organisms” in neuroscience 
Aplysia [8, 19]. Neuronal multifunctionality 
appears to be a specific property of enteric neu-
rons, and we like to speculate that it could be 
derived from an independent evolution of the 
ENS from the CNS. The fascinating idea that the 
ENS evolved independently from the CNS and 
could be defined as the “first brain”, has been 
recently discussed in light of different studies on 
central and peripheral nervous systems of species 
with different developmental degrees [6].

5.11  Outlook

All collected data resumed in this chapter about 
MEN reinforced our novel concept of sensory 
processing in the ENS. This idea highlights the 
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cooperative activity of multifunctional neurons 
acting as part of a sensory network.

We have learnt many things about MEN. Their 
multifunctionality, in other words, their ability to 
function not only as sensors but also as interneu-
rons, motoneurons, and probably secretomoto-
neurons is fascinating. Unfortunately, these are 
only some pieces of a big puzzle and this means 
that there are still many questions, which remains 
open; for instance, the role of MEN in the regula-
tion of the peristalsis or in the nerve-mediated 
secretory response. We hope to add other pieces 
to the puzzle in the next few years. For instance, 
pharmacological experiments, which we are now 
running, will reveal us the molecular targets 
transducing the mechanical stimulus. This will 
represent an important step and it will be eco-
nomically valuable: understanding physiology of 
sensory signaling can help us to develop targeted 
therapeutic treatment in response to gastrointesti-
nal disorders.
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6New Concepts of the Interplay 
Between the Gut Microbiota 
and the Enteric Nervous System 
in the Control of Motility

Fernando A. Vicentini, Tanner Fahlman, 
Stephanie G. Raptis, Laurie E. Wallace, 
Simon A. Hirota, and Keith A. Sharkey

Abstract

Propulsive gastrointestinal (GI) motility is 
critical for digestive physiology and host 
defense. GI motility is finely regulated by the 
intramural reflex pathways of the enteric ner-
vous system (ENS). The ENS is in turn regu-
lated by luminal factors: diet and the gut 
microbiota. The gut microbiota is a vast eco-
system of commensal bacteria, fungi, viruses, 
and other microbes. The gut microbiota not 
only regulates the motor programs of the ENS 
but also is critical for the normal structure and 
function of the ENS. In this chapter, we high-

light recent research that has shed light on the 
microbial mechanisms of interaction with the 
ENS involved in the control of motility. Toll- 
like receptor signaling mechanisms have been 
shown to maintain the structural integrity of 
the ENS and the neurochemical phenotypes of 
enteric neurons, in part through the production 
of trophic factors including glia-derived neu-
rotrophic factor. Microbiota-derived short- 
chain fatty acids and/or single-stranded RNA 
regulates the synthesis of serotonin in entero-
chromaffin cells, which are involved in the 
initiation of enteric reflexes, among other 
functions. Further evidence suggests a crucial 
role for microbial modulation of serotonin in 
maintaining the integrity of the ENS through 
enteric neurogenesis. Understanding the 
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microbial pathways of enteric neural control 
sheds new light on digestive health and pro-
vides novel treatment strategies for GI motil-
ity disorders.

Keywords

5-HT · GDNF · Neurogenesis · Serotonin · 
Toll-like receptors · Myenteric plexus

6.1  Introduction

The gastrointestinal (GI) tract hosts a vast and 
diverse microbial ecosystem, consisting of bacte-
ria, archaea, fungi, protozoa, and viruses [31, 
71]. The absolute number of microbes in the GI 
tract has been approximated to be in the order of 
1014 [55]. By mutualistic coevolution, mammals 
have developed an interdependency on the gut 
microbiota to provide metabolic, nutritional, and 
immunological support crucial to maintaining 
health [5, 44]. Gut microbes are involved in the 
metabolism of nutrients, particularly harvesting 
energy from indigestible complex carbohydrates 
such as dietary fibers, as well as the processing of 
proteins and lipids and the synthesis of vitamins 
[60, 71, 72]. Nowadays, we appreciate that 
microbes play a vital role in many other functions 
in the GI tract, including educating the host 
immune system, providing trophic support for 
the intestinal epithelium, contributing to the 
maintenance of the epithelial barrier, and occu-
pying a niche in the intestinal lumen that allows 
for protection against pathogens [44, 77].

With such large, complex, and metabolically 
active microbial communities residing along the 
entire length of the GI tract, it is not surprising 
that the gut microbiota is also involved in the 
regulation of physiological functions. The gut 
microbiota has been shown to be essential for the 
normal regulation of secretion, motility, barrier, 
and local immune functions [4, 57, 77, 93, 100, 
102]. Since these critical gut functions are con-
trolled by the enteric nervous system (ENS) [34, 
84], it has been suggested that there is a func-
tional interaction between the gut microbiota and 
the intrinsic nerves that control the gut [45, 69]; 

in fact, there is an intricate and sophisticated rela-
tionship that we will discuss in this chapter.

Enteric neurons reside in two interconnected 
ganglionated plexuses in the gut wall: the myen-
teric and submucosal plexuses [34, 36]. The 
myenteric plexus is located between the longitu-
dinal and circular muscle layers of the gut wall 
[36, 84]. Together with interstitial cells of Cajal 
and platelet-derived growth factor receptor α 
cells, myenteric neurons regulate basal, interdi-
gestive, and digestive motility patterns [43, 53, 
78]. The myenteric plexus also has neurons that 
project to the mucosa, which play a critical role 
in mucosal functions, including growth, barrier, 
secretomotor, and sensory functions [36]. The 
submucosal plexus, on the other hand, is located 
between the mucosa and circular muscle layers, 
and primarily innervates mucosal and submuco-
sal tissues and controls secretion, mucosal barrier 
function, and blood flow [34, 36]. In addition to 
neurons, the ENS contains equal or greater num-
bers of enteric glia [41, 79]. These specialized 
peripheral glial cells are actively involved in sig-
naling between neurons that modulate GI 
reflexes, regulate immune processes in the gut 
wall, and contribute to neurogenesis in patho-
physiological states [41, 79].

Enteric neurons are characterized as sensory 
neurons, referred to as intrinsic primary afferent 
neurons (IPANs), interneurons, and motor neu-
rons; the latter include cholinergic excitatory and 
nitrergic inhibitory motor neurons [34, 36, 84]. 
Recent single cell RNA sequencing analyses of 
the ENS have revealed a far greater diversity of 
neuronal subtypes within these broad categories 
than previously recognized [28, 63, 66, 99, 104]. 
Assigning molecular and genetic signatures to 
the functional classes of enteric neurons remains 
an exciting future development for the field.

The regulation of gut motility occurs through 
modulation of the synaptic circuitry of the ENS. 
Mechanical, chemical, and/or microbial signals 
from the lumen initiate action potentials in IPANs 
that are integrated by interneuronal circuits, lead-
ing to appropriate coordinated motor outputs [36, 
78, 84]. Enteric nerves do not penetrate beyond 
the epithelium, and therefore receive information 
from the luminal environment via specialized 
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epithelial cells, including enteroendocrine and 
enterochromaffin cells, that transduce the lumi-
nal signals [9, 48, 62, 96]. Our understanding of 
how microbial signals modulate the ENS cir-
cuitry and influence gut motility has been gradu-
ally increasing in recent years [45, 69]. In this 
chapter, we will focus on current findings dis-
cussing some of the proposed mechanisms of 
microbial interactions with the ENS circuits that 
regulate GI motility. Most studies to date have 
focused on gut bacteria, but other microbial con-
stituents such as fungi have been implicated in 
the control of aspects of GI physiology in health 
and disease [11, 93].

6.2  Microbial Regulation 
of Enteric Neurons 
and Enteric Glia

Early studies of germ-free rats revealed that there 
is a remarkable plasticity of neurons in the myen-
teric plexus of the markedly enlarged cecum, a 
characteristic of germ-free animals [29, 30]. 
Myenteric neurons demonstrate substantial 
hypertrophy in the enlarged cecum, whereas 
those in the ileum remain unchanged, despite the 
absence of a microbiota, suggesting that this neu-
roplasticity is linked to the expanded tissue vol-
ume that is innervated and not the complete 
absence of gut microbes per se [29]. When the 
germ-free rats were allowed to regain a conven-
tional microbiota, neuronal diameters were simi-
lar to conventionally raised rats, illustrating the 
reversibility of this phenomenon [29]. Further 
studies that examine the mechanisms of these 
interesting observations would shed new light on 
the factors involved in the regulation of enteric 
neuronal growth.

In more recent studies of germ-free mice, 
Collins et al. reported a reduction in the number 
of myenteric neurons in the jejunum (~40%) and 
ileum (~50%), but not the duodenum 3 days after 
birth [23]. Despite the overall reduction in total 
neurons, the proportion of nitrergic neurons was 
increased in this study [23]. However, in adult 
mice, there appears to be no marked changes in 
the number of myenteric neurons in the jejunum 

[64], but a small reduction in the ileum [67]. The 
number of myenteric neurons in the colon has 
been reported to be unchanged [25, 67], or 
reduced [4, 101], while the density of the inner-
vation of the colonic myenteric plexus in germ- 
free mice was comparable to conventionally 
raised animals [25]. Whether there are alterations 
in the number of myenteric neurons, the absence 
of a gut microbiota changes the proportion of 
neurons expressing various neuropeptides, trans-
mitters, or other molecular markers of enteric 
neurons. McVey Neufeld et al. found that the pro-
portion of calbindin (Calb)+ neurons was mark-
edly reduced in the jejunum from adult germ-free 
mice, and this reduction correlated with changes 
in the electrophysiological properties of the Calb+ 
IPAN neurons [64]. Muller et al. described reduc-
tions in somatostatin and cocaine and 
amphetamine- related transcript (CART)+ neu-
rons in the ileum and colon [67], while many 
authors observed marked reductions in colonic 
nitrergic neurons [3, 4, 101] and an increased 
density of cholinergic neurons [3]. Most impor-
tantly, there are functional correlations with these 
neurochemical changes, including changes in gut 
motility linked to the loss of nitrergic neurons [3, 
4] and altered glucose homeostasis linked to the 
loss of intestinofugal CART+ neurons of the 
ileum [67]. Interestingly, Obata et  al. reported 
similar molecular and neurochemical character-
istics of colonic myenteric neurons from germ- 
free and conventional mice, despite showing 
considerable transcriptomic differences between 
these two groups [68]. One of the key transcrip-
tional changes was an upregulation of the gene 
encoding the aryl hydrocarbon receptor in mice 
that were colonized with a normal microbiota. In 
elegant and detailed studies, they then went on to 
show that this transcription factor controlled the 
expression of an inwardly rectifying potassium 
channel that controls the firing of colonic myen-
teric neurons and that aryl hydrocarbon receptor 
signaling regulates propulsive motility in the 
colon [68].

Enteric glial density as determined by S100B 
labeling has been reported to be reduced [25] or 
unaffected [3] in the colonic myenteric plexus of 
germ-free mice, though the total number of 

6 New Concepts of the Interplay Between the Gut Microbiota and the Enteric Nervous System…



58

Sox10+ glial cells remains unaltered [25]. The 
enteric glial network in the ileal and colonic 
mucosa is also markedly reduced in the absence 
of gut microbiota [3, 47]. The functional signifi-
cance of these findings remains to be fully under-
stood. Together, these studies illustrate the need 
for further detailed systematic examination of the 
neural and glial elements of the ENS along the 
length of the GI tract in germ-free mice.

Since germ-free mice lack microbiota during 
development, various laboratories, including our 
own, have treated adult mice with oral antibiotics 
to examine the impact of the gut microbiota when 
developmental factors are not involved. When 
antibiotics are used to deplete bacteria in the gut, 
there is a consistent reduction in the number of 
myenteric neurons in both the ileum [67, 94] and 
colon [4, 67, 94, 101], but not in the duodenum 
[67]. It has been argued these observations might 
be due in part to neurotoxic effects of the antibi-
otics [19], which are often administered in high 
doses. However, the completely reversible nature 
of the reductions after withdrawal of antibiotics 
[67, 94], and the fact that antibiotics administered 
directly to enteric neurons [101], systemically to 
adult mice [67], or orally to germ free-mice 
[101], did not change the numbers of myenteric 
neurons, strongly suggests that these changes are 
related to the depletion of gut bacteria. It remains 
to be shown exactly why there are differences 
between antibiotic-treated and germ-free mice. 
However, in studies that evaluated both models, 
the neurochemical changes observed in germ- 
free mice are similar to those seen after antibiotic 
administration. For example, Muller et  al. 
reported similar reductions in CART+ neurons in 
the ileal and colonic, but not duodenal, myenteric 
plexus, as they observed in germ-free mice [67]. 
Likewise, nitrergic neurons are reduced in the 
myenteric plexus of the ileum and colon in both 
antibiotic-treated and germ-free mice [4, 94, 
101], and these changes appear to underlie the 
reduced motility seen in these models.

In antibiotic-treated mice, there are also 
changes associated to enteric glia. Interestingly, 
Vicentini et  al. found a reduced number of 
S100B+ glial cells in the myenteric plexus of the 
ileum, but not the colon of antibiotic-treated mice 

as might be expected from the findings of De 
Vadder et  al. [25]. Contrary to previous reports 
[47], no changes in the mucosal glial network 
were observed in this study [94]. Further studies 
of enteric glia are needed to verify these disparate 
findings.

An important feature of the ENS is that it 
maintains a considerable neurogenic potential in 
the adult animal [8, 46, 51, 54, 56]. Neurogenesis 
in the ENS was initially demonstrated by Liu 
et al. [56], and is still an area of intense debate in 
the field. Emerging evidence suggests that the gut 
microbiota is also involved in the modulation of 
enteric neurogenesis, with reports showing 
microbiota-modulated neurogenesis both in 
germ-free and antibiotic-treated mice [25, 94, 
101]. This microbiota-mediated phenomenon is 
novel, and the molecular mechanisms that regu-
late it are largely unknown. Understanding 
enteric neurogenesis brings huge implications for 
the development of tools to treat enteric neuropa-
thies, such as Hirschsprung’s disease.

Together, these findings illustrate the remark-
able role the gut microbiota plays in regulating 
enteric neural homeostasis. In the subsequent 
sections of this chapter, we will focus on specific 
mechanisms that gut bacteria use to signal to the 
ENS and control motility.

6.3  Gut Bacteria Interact 
with Toll-Like Receptors 
and Enterochromaffin Cells 
to Regulate the Integrity 
of the ENS and Control GI 
Motility

It has been demonstrated that luminal bacteria 
are capable of modulating enteric neuronal activ-
ity [52], and as we have already discussed, they 
regulate the structure and neurochemistry of the 
ENS. Due to the anatomical separation provided 
by the epithelium, it is hypothesized that interac-
tion with the ENS occurs indirectly through bac-
terial molecules, such as polysaccharide A, 
lipoteichoic acid (LTA), lipopolysaccharide, for-
myl peptides, and short chain fatty acids (SCFAs) 
[4, 20, 61, 82, 101].
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Some structural components of enteric bacte-
ria are ligands for toll-like receptors (TLRs) [1]. 
Recent progress has been made in understanding 
how the TLR system impacts the ENS and con-
trols motility [4, 12, 16, 17, 101]. In addition to 
structural components, the bacterial metabolites 
SCFAs are well known to be involved in mediat-
ing host-microbe interactions, such as regulating 
mucosal serotonin (5-hydroxytryptamine, or 
5-HT) [33, 59, 75, 100]. 5-HT is synthesized and 
secreted by enterochromaffin cells and initiates 
propulsive motility by activating IPANs [62, 89]. 
An increasing number of studies have demon-
strated that 5-HT levels are tightly regulated by 
the enteric microbiota [25, 75, 80, 98, 100], sug-
gesting a promising mechanism of microbiota- 
ENS interaction that affects gut motility.

The next sections of this chapter will focus on 
the evidence for TLR and 5-HT mechanisms by 
which bacteria and their metabolic products are 
able to influence the structure and function of the 
ENS. Understanding this link is of great impor-
tance to GI pathophysiology. Frequently, diseases 
affecting the GI tract, including the inflammatory 
bowel diseases (IBD) and irritable bowel syn-
drome, show microbial dysbiosis and patterns of 
GI dysmotility leading to some of the clinical 
symptoms of these diseases [72]. A better under-
standing of how the control of GI motility is 
influenced by the gut microbiota may provide 
new avenues for therapeutic approaches to treat 
GI dysmotility disorders.

6.4  Toll-Like Receptors 
as Regulators of Intestinal 
Motility

Host cells recognize microorganisms through a 
family of proteins known as pattern recognition 
receptors [2]. TLRs belong to the pattern recog-
nition receptor family and play a crucial role in 
host innate immunity [1, 2]. TLRs are classically 
known for recognizing microbe-associated 
molecular patterns (MAMPs). When activated, 
TLRs recruit adaptor molecules, such as myeloid 
differentiation primary response 88 (MyD88), 
initiating a signaling cascade. Induction of spe-

cific target genes ultimately activates the innate 
immune system [1].

Beyond their roles in innate immunity, TLRs 
have been associated with physiological regula-
tion of the GI tract, acting to maintain gut- 
microbial homeostasis [14, 70]. Among the many 
types of TLRs (TLR 1–10  in humans and 1–9, 
11–13 in mice) [49], some are expressed on key 
cells involved in the regulation of gut motility, 
such as enteric neurons, enteroendocrine cells, 
and smooth muscle cells [6, 10, 13]. To date, 
most research has focused on TLR2 and TLR4, 
both of which have been strongly linked to the 
regulation of gut motility and ENS integrity [4, 
12].

6.4.1  Deletion of TLR2 and TLR4 
Impacts the Integrity 
of the ENS and Alters Motility

TLR2 and TLR4 are expressed on enteric neu-
rons (soma and nerve fibers) and enteric glial 
cells of both plexuses [6, 10, 12, 15, 70, 101]. 
Interestingly, higher TLR expression is observed 
in more distal regions of the GI tract, which have 
a higher microbial load [6, 70]. To better under-
stand the role of TLRs on gut motility, different 
types of approaches have been applied, including 
evaluating the effects of deleting the receptor. 
Deletion of either TLR2 or TLR4 has consis-
tently been shown to cause dysmotility in the GI 
tract of mice [12, 16, 18, 32, 101]. In the seminal 
work of Anitha et al., TLR4-deficient mice were 
found to have delayed intestinal transit time [4]. 
This delayed intestinal transit is accompanied by 
a reduction in the nitrergic relaxation response to 
electrical field stimulation and a reduction in the 
number of nitrergic (neuronal nitric oxide syn-
thase [nNOS+]) neurons. Moreover, they reported 
similar results abolishing TLR signaling specifi-
cally in enteric neurons using a Wnt1Cre+/−/
Myd88fl/fl mouse, suggesting that alterations 
observed in ENS integrity and gut motility caused 
by TLR deficiency are directly dependent on 
ENS mechanisms [4]. Other reports corroborate 
these results describing slower GI motility, 
reduced amplitude and frequency of spontaneous 
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contractile events, and reduced nNOS+ neurons 
in TLR4 KO mice [16, 32].

Like TLR4, TLR2 has been directly impli-
cated in the control of ENS integrity and intesti-
nal motility. Brun et  al. demonstrated that 
TLR2-deficient mice exhibited faster gastric 
emptying and intestinal transit, a higher fre-
quency and amplitude of spontaneous contrac-
tions, and enhanced response to contractile 
electrical field stimulation in the ileum [12]. The 
enhanced contractile responses were reproduced 
by others [32]. Furthermore, Brun et al. reported 
a reduction in the total number of ileal myenteric 
neurons, along with reduction in nNOS+ neurons 
and a reduced density of cholinergic nerve fibers 
[12]. Interestingly, Yarandi et al. recently showed 
a reduced GI transit time when TLR2 signaling 
was blocked using a TLR2-blocking antibody 
[101]. These apparently contradictory results 
might be explained by the different assays of 
motility or that there are differences in the role of 
TLR2 along the length of the GI tract [12, 101]. 
A consistent observation among studies blocking 
TLR2 is the reduction in the number of enteric 
neurons, specifically nNOS+ nitrergic neurons in 
both the ileum and colon [12, 101], strongly 
implicating TLR2 in neuronal survival. TLR sig-
naling pathways are integral to maintaining struc-
tural integrity of the ENS and normal GI motility 
(Fig.  6.1). However, the mechanisms by which 
this occurs need to be further investigated.

6.4.2  TLRs Are Modulated by Gut 
Microbiota Affecting Gut 
Transit, Neurogenesis, 
and Glial-Derived 
Neurotrophic Factor (GDNF)

The absence or depletion of the microbiota has 
been widely reported to induce gut dysmotility 
[3, 4, 16, 40, 101], a phenotype similar to the one 
observed in mice with impaired or absent TLR2 
and TLR4 signaling [4, 12, 16, 101]. Yarandi 
et  al.  recently showed that dysmotility induced 
by antibiotic treatment is prevented by supple-
mentation of LTA, a structural molecule found in 
Gram-positive bacteria and a potent TLR2 ago-

nist [101]. Furthermore, they showed that the 
effect of microbiota depletion on enteric neurons 
is reversed by LTA likely due to TLR2-mediated 
neurogenesis [101]. TLR modulation of neuro-
genesis in the brain has been suggested before, 
with TLR2 playing a major role in inducing pro-
liferation and differentiation of neural progenitor 
cells [76]. In the gut, in  vivo neurogenesis in 
adult animals has been observed in several 
 contexts [7, 51, 56, 88], but is an area of contin-
ued debate. With the high levels of mechanical 
and biochemical stresses that the ENS faces, and 
largely having constant number of enteric neu-
rons throughout the life, it has been proposed that 
the ENS is in fact maintained through natural 
replacement of old enteric neurons in favor of 
new ones [51]. While TLR4 has not been impli-
cated in enteric neurogenesis [101], TLR4 signal-
ing is important for neuronal survival in vitro [4], 
and after depletion of bacteria in  vivo [94]. 
However, the balance regarding activation of 
TLR4 signaling is very important, as, for instance, 
changes in diet (e.g., Western diet) lead to 
increased activation of TLR4, resulting in loss of 
nitrergic neurons and impaired motility [74]. 
Thus, as the reduction in the number of enteric 
neurons is correlated with dysmotility [43], this 
host-microbe pathway, in which microbiota mod-
ulate enteric neurogenesis via TLRs, is poten-
tially important in GI diseases that present with 
both dysbiosis and dysmotility (e.g., IBD).

Another important feature related to neuro-
genesis, which is also modulated by TLR signal-
ing, is the production of neurotrophic factors [12, 
39]. Ret signaling, via its ligand GDNF, has been 
well described as an important modulator of ENS 
integrity [39, 65]. GDNF-Ret signaling plays a 
crucial role in enteric neurogenesis, as it controls 
ENS precursor proliferation, therefore determin-
ing the number of mature enteric neurons [39, 91, 
92]. Interestingly, upregulation of GDNF expres-
sion correlates with activation of the NF-kB and 
p38 MAPK signaling pathways [12], both regu-
lated by TLR [1]. Brun et al. demonstrated that 
TLR2-deficient mice have reduced GDNF 
expression, and that administration of GDNF 
restored motility and ENS defects seen in these 
mice [12]. Further, the same group showed that 
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Fig. 6.1 Microbiota modulates intestinal motility and 
enteric neurogenesis acting through toll-like receptor 
(TLR) signaling. Anatomical overview of the gut wall 
with the mechanisms by which microbiota modulates the 
enteric nervous system via TLR. Microbe-associated 
molecular patterns (MAMPs) derived from Gram-positive 
and Gram-negative bacteria activates  TLR2 and TLR4, 
respectively, in enteric neurons and smooth muscle cells. 
Activation of TLR2 and TLR4 in neurons results in modu-

lation of gut motility, with TLR2 signaling associated 
with enteric neurogenesis. TLR2 activation in smooth 
muscle cells induces glial-derived neurotrophic factor 
(GDNF) production. GDNF, via the Ret receptor, is also 
linked to enteric neurogenesis. Mu mucosa, SM submu-
cosa, CM circular muscle layer, MP myenteric plexus, 
LM longitudinal muscle layer. (Figure created with 
BioRender.com)

when activated, TLR2 stimulates intestinal 
smooth muscle cells to produce GDNF, contrib-
uting to the maintenance signaling cascade [13]. 
These results illustrate the importance of this 
TLR signaling pathway in maintaining the integ-
rity of the GI tract through the production of tro-

phic factors, such as GDNF. Recently, Soret 
et al. showed that rectal administration of GDNF 
induces neurogenesis in mouse models of 
Hirschsprung’s disease, improving GI motility 
[83]. Together, these findings illustrate a mecha-
nism by which the microbiota could modulate 
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local GDNF (or other neurotrophins) to maintain 
the integrity of the ENS (Fig. 6.1). If this is the 
case, it could be utilized as a potential strategy to 
treat enteric neuropathies, prompting the need for 
more mechanistic studies in this area.

6.5  Microbial Regulation 
of Serotonin 
in Enterochromaffin Cells

It is widely understood that ~90% of 5-HT syn-
thesis takes place in the gut, with most of it in 
mucosal enteroendocrine cells, followed by a 
small percentage in enteric serotonergic neurons 
[38, 62]. Tryptophan hydroxylase (Tph) is the 
rate-limiting enzyme responsible for the 5-HT 
synthesis, expressed in two isoforms, Tph1  in 
enteroendocrine cells and Tph2 in neurons. After 
synthesis and secretion, 5-HT has pleiotropic 
effects throughout the GI tract and beyond [86]. 
Once released, 5-HT interacts with various 5-HT 
receptors to modulate GI motility, including 
5-HT3 and 5-HT4 receptors, both of which are 
involved in the control of propulsive motility, 
including the colonic migrating motor complex 
[103]. After secretion, 5-HT is metabolized by 
monoamine oxidase enzymes or taken up by epi-
thelial cells through the serotonin reuptake trans-
porter. This intricate regulation of 5-HT in the gut 
allows the system to tightly regulate motility pat-
terns, such as segmentation and peristalsis [38, 
62]. The effects of 5-HT on gut motility have 
been debated over the last decade, with earlier 
research suggesting that 5-HT was necessary for 
the initiation of peristalsis [27, 81], and more 
recent investigations suggesting that 5-HT plays 
more of modulatory role regulating the frequency 
of motility patterns, rather than being responsible 
for initiating these processes [50, 85, 95]. Though 
not crucial for initiation, the role of 5-HT in the 
modulation of contractile frequency and duration 
within the smooth muscle layers of the GI tract is 
of great importance to the normal physiological 
functioning of the muscle movements, which 
allow the ability of efficient macronutrient 
absorption and waste expulsion.

Due to the crucial role of 5-HT as a modulator 
of GI motility, understanding how mucosal 5-HT 
regulation occurs in the context of alterations to 
the microbiota has emerged as a fundamental 
question to be answered. Initial reports described 
the effects of probiotics in rodents in the modula-
tion of the 5-HT precursor (tryptophan) and its 
metabolites, suggesting a potential role for the 
microbiota to influence the 5-HT system [26]. 
Later, it was shown that germ-free rodents exhib-
ited alterations in 5-HT concentration and metab-
olism in the central nervous system [22, 42] and 
in the serum [80, 98]. Therefore, Yano et al. set 
out to explore the 5-HT modulation by microbi-
ota in the GI tract [100]. In this seminal study, by 
using a series of experiments using different 
approaches (e.g., germ-free, conventionalized, 
and antibiotic-treated mice), the authors demon-
strated that the microbiota influenced 5-HT pro-
duction in the gut via modulation of the enzyme 
Tph1 in enterochromaffin cells, further influenc-
ing gut motility [100]. Specifically, they found 
that spore-forming bacteria produced specific 
metabolites, including SCFA, that through an 
unknown mechanism was able to modulate 5-HT 
metabolism [100]. These results are supported by 
the work of other labs [25, 37, 75]. Remarkably, 
it has been shown that the opposite is also true: 
alterations in 5-HT levels influence luminal bac-
terial composition [35], reinforcing the complex, 
bidirectional relation between these two funda-
mental components of the GI tract. Although evi-
dence points toward a clear influence of the 
microbiota on 5-HT metabolism, the exact mech-
anisms by which microbes act on host cells 
remain an area of active investigation.

6.5.1  Potential Mechanisms 
for Microbiota Modulation 
of 5-HT Metabolism and GI 
Motility

Acetate, propionate, and butyrate are the main 
SCFAs found in the gut. Being products of fer-
mentation by anaerobic microbes, they are 
thought to be a major link between the microbi-
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ota, the ENS, and gut motility [24]. Administration 
of SCFAs has long been associated with increased 
colonic motility [21, 33, 82, 95]. Yano et al. have 
pointed out that SCFAs may be one of the metab-
olites missing in germ-free mice that would be 
responsible for regulation of control levels of 
5-HT [100]. In vitro data corroborates this 
hypothesis, as SCFA treatment induced an 
increased expression of Tph1  in BON cells 
(human 5-HT-producing cell line) [75]. 
Evaluating colonic motility ex vivo, Vincent et al. 
showed no effect of SCFA in samples from Tph1 
KO mice, suggesting a 5-HT-dependent mecha-
nism mediating the promotility responses [95]. 
However, this process was observed only with 
low concentrations of SCFA, where higher con-
centrations induced alterations in colonic motil-
ity through a 5-HT-independent mechanism [95]. 
Together these data support SCFA as an impor-
tant microbial mediator that modulates 5-HT, and 
thereby alters the regulation of enteric reflex- 
modulation of motility.

Although SCFA may have direct effects on 
enterochromaffin cells, in the small intestine, evi-
dence suggests that SCFA may modulate 5-HT 
release indirectly, through the action of the 
glucagon- like peptide (GLP)-1 receptor [59]. 
Within the small intestine, it was shown that 
SCFAs increase the secretion of 5-HT from 
enterohromaffin cells [100]. However, Lund et al. 
were unable to detect SCFA receptors on the 
enterochromaffin cells in this region of the GI 
tract [59]. Instead, adjacent GLP-1-secreting 
L-cells have receptors that can sense and respond 
to SCFA. A mechanism was suggested wherein 
SCFA acts on L-cells, inducing the release of 
GLP-1 [90], which can then diffuse to the neigh-
boring enterochromaffin cells, where it binds to 
the GLP-1 receptor, triggering 5-HT release [59]. 
In contrast, colonic enterochromaffin cells were 
found to have SCFA receptors [59], illustrating 
interesting regional differences in the gut, that 
might be linked to the gradient of increasing 
microbial density from the small bowel to the 
large bowel (Fig. 6.2).

Serotonin has also been linked to enteric neu-
rogenesis [8, 25, 56, 88]. One of the first to pub-
lish on the idea of adult neurogenesis in the ENS 

was Gershon and colleagues [56]. Working on 
the precedent of neurogenesis involving the 
5-HT4 receptor in the hippocampus [58], they 
showed that 5-HT4 KO mice were born with an 
equal number of enteric neurons compared to 
wild-type mice. However, the number of enteric 
neurons increased after birth in wild-type mice, 
but not in 5-HT4-deficient mice, suggesting a link 
between neurogenesis and this receptor [56]. 
Further, they demonstrated that mice treated with 
a 5-HT4 agonist had an increased incorporation 
of the nucleotide analogue bromodeoxyuridine in 
myenteric neurons and Nestin+ neural precursor 
cells, suggesting the potential for cell prolifera-
tion to maintain neuronal numbers regardless of 
cell death of enteric neurons through the life of 
the animal [56]. Furthermore, 5-HT4-deficient 
animals had slowed GI transit, which brought 
forth the idea that in the absence of enteric 
 neurogenesis, normal GI motility was compro-
mised [56]. Interestingly, the gut microbiota is 
involved in the modulation of 5-HT4 receptor 
expression in the myenteric plexus [25]. As 
described above, germ-free mice have reduced 
numbers of enteric neurons, which are recovered 
by microbial recolonization [101]. De Vadder 
et al. showed that an increase in Nestin+ neuronal 
progenitor cells by microbial recolonization is 
blunted using a 5-HT4 receptor antagonist [25]. 
Moreover, they showed a recovery of myenteric 
neurons and gut motility with 5-HT4 receptor 
agonist in germ-free mice, linking this receptor 
with ENS integrity and GI physiology [25]. In 
our lab, we observed that SCFA supplementation 
is capable of inducing neuronal recovery in anti-
biotic-treated mice [94], suggesting a mechanism 
by which microbiota may modulate neurogenesis 
through SCFA- dependent release of 5-HT 
(Fig. 6.2).

The expression levels of Tph1 in enterochro-
maffin cells have been shown to be highly regu-
lated by the gut microbiota, determining the 
levels of 5-HT [37, 75, 100]. A recent develop-
ment in this area has come from Sugisawa et al., 
who discovered another mechanism for the regu-
lation of Tph1 in enterochromaffin cells through 
the Piezo1 receptor [87]. The Piezo1 receptor is a 
mechanosensitive ion channel with a variety of 
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Fig. 6.2 Microbiota modulates serotonin (5-HT) metab-
olism to regulate intestinal motility and enteric neurogen-
esis. Spore-forming bacteria, likely via the production of 
short-chain fatty acids (SCFA), regulate 5-HT synthesis in 
enterochromaffin (EC) cells. In the small intestine, SCFA 
stimulates glucagon-like peptide (GLP)-1 secretion from 
L-cells, which in turn leads to increased 5-HT levels in EC 
cells. In the colon, SCFA may act directly on EC cells, 
regulating 5-HT synthesis. Single-strand RNA 
(ssRNA) derived from the microbiota has been also asso-

ciated with the regulation of 5-HT in EC cells via the 
Piezo1 receptor. 5-HT secretion influences neuronal func-
tion, and motility, via 5-HT3 and 5-HT4 receptors. 5-HT4 
receptors have also been strongly linked to enteric neuro-
genesis. Mu mucosa, SM submucosa, CM circular muscle 
layer, MP myenteric plexus, LM longitudinal muscle 
layer. (Figure created with BioRender.com)

functions [73]. Piezo1 modulates Tph1 expres-
sion by responding to extracellular single- 
stranded RNA (ssRNA) originating from 
microbes in the gut. This channel regulates gut 

motility, as observed with a decreased peristalsis 
in mice with a targeted deletion of Piezo1 in the 
intestinal epithelium [87]. These findings suggest 
that microbial-derived ssRNA is an important 
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determinant of 5-HT availability, providing a 
new mechanism by which the microbiota may 
modulate gut function. It would be interesting to 
know the nature of the interactions between 
mechanical and microbial mechanisms in entero-
chromaffin cells of the intestinal epithelium in 
the regulation of enteric reflexes controlling pro-
pulsive motility.

6.6  Conclusions and Future 
Directions

The regulation of the spatiotemporal coordina-
tion of GI function relies mainly on the ENS, 
augmented by autonomic input from the central 
nervous system. The ENS senses the luminal 
environment indirectly, through enteroendocrine/
enterochromaffin cell mediators, and responds 
accordingly. GI motility is finely regulated by the 
intramural reflex pathways of the ENS that are 
modulated through interactions with the gut 
microbiota. Microbial signaling is critical for the 
normal structure and function of the ENS, as we 
have described in this chapter. There is a sophis-
ticated relationship between the ENS, and the 
local immune and enteroendocrine systems of the 
gut that is shaped by the presence of the micro-
biota. Together they form a network from which 
the ENS can function efficiently to gather infor-
mation on the state of the gut and respond by 
modulating various gut functions including 
motility patterns such as peristalsis.

Recent research has shed light on the micro-
bial mechanisms of interaction with the ENS for 
the control of motility. Toll-like receptor signal-
ing pathways activated by MAMPs maintain the 
structural integrity of the ENS and the neuro-
chemical phenotypes of enteric neurons, in part 
through the production of trophic factors includ-
ing GDNF [4, 12, 101]. Microbial SCFA and/or 
ssRNA regulate the synthesis of 5-HT, which is 
involved in the initiation of enteric reflexes, 
among other functions, with evidence suggesting 
a crucial role for microbiota modulation of 5-HT 
in maintaining the integrity of the ENS through 
enteric neurogenesis [25, 59, 87, 100]. 
Interestingly, 5-HT and TLRs may also work 

together to modulate gut motility and normal 
ENS function, as TLR2 signaling in nonhemato-
poietic cells has been shown to stimulate 5-HT 
production in the gut [97], and deletion of TLR2 
and TLR4 modifies the expression of specific 
5-HT receptors [32].

The examples outlined in this chapter are 
unlikely to be the only ways in which the micro-
biota can regulate host physiology but serve to 
illustrate the complexity and sophistication of the 
control of gut function. Exactly how these mech-
anisms are altered in disease remains an area for 
future study. Work focused on the interplay of the 
serotonergic and TLR-mediated responses to the 
microbiota will provide useful insights into how 
motility is controlled. Understanding these 
microbial signaling pathways and their targets in 
the ENS could provide novel approaches for 
treating GI motility disorders.
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7Optical Approaches 
to Understanding Enteric Circuits 
Along the Radial Axis

Pieter Vanden Berghe and Candice Fung

Abstract

The gastrointestinal tract operates in a highly 
dynamic environment. The gut is typically 
exposed to continually changing and highly 
convoluted luminal compositions comprising 
not only ingested content but also a multitude 
of resident microbes and microbial factors. It is 
therefore critical that the gut is capable of dis-
tinguishing between nutritious components 
from noxious substances. This is facilitated by 
specialized cellular sensory machinery that are 
in place in the intestinal epithelium and the 
ENS.  However, the specific chemosensory 
processes and enteric neuronal pathways that 
enable the gut to discern and respond appropri-
ately to different chemicals remain unclear. A 
major hurdle in studying the neural processing 
of luminal information has been the complex 
spatial organization of the mucosal structures 
and their innervation along the radial axis. 
Much of our current knowledge of enteric neu-
ronal responses to luminal stimuli stems from 
studies that used semi-dissected guinea pig 
small intestine preparations with the mucosa 
and submucosa removed in one- half in order to 

record electrical activity from exposed myen-
teric neurons or in the circular muscle. Building 
on this, we ultimately strive to work towards 
integrated systems with all the gut layers intact. 
With advanced microscopy techniques includ-
ing multiphoton intravital imaging, together 
with transgenic technologies utilizing cell-type 
specific activity- dependent reporters, we stand 
in good stead for studying the ENS in more 
intact preparations and even in live animals. In 
this chapter, we highlight recent contributions 
to the knowledge of sensory gut innervation by 
the developing and mature ENS.  We  also 
revisit established work examining the func-
tional connectivity between the myenteric and 
submucosal plexus, and discuss the methodol-
ogies that can help advance our understanding 
of the enteric circuitry and signaling along the 
mucosa-serosa axis. 
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7.1  Introduction

The gastrointestinal tract operates in a highly 
dynamic environment. The gut is typically 
exposed to continually changing and highly con-
voluted luminal compositions comprising not 
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only ingested content but also a multitude of resi-
dent gut microbes and microbial factors. While 
one of its key roles is to digest and take up nutri-
tious components from ingested meals, its ability 
to detect and exclude invading pathogens or nox-
ious agents is equally important. Accordingly, the 
gut possesses a variety of cellular sensory 
machinery within the intestinal epithelium and 
ENS, namely, enteroendocrine cells (EECs) and 
intrinsic primary afferent neurons (IPANS, intrin-
sic sensory neurons), respectively [1, 11]. 
Nonetheless, it remains unclear how these che-
mosensory processes occur, particularly regard-
ing whether different luminal stimuli activate 
distinct enteric neuronal pathways, such that the 
gut can respond accordingly. In addition to physi-
ological function, it is also pertinent to under-
stand the development of this sensory system, its 
adaptations to dietary alterations or shifts in 
microbial diversity, and the contribution of these 
factors to shaping overall gut health. However, 
investigating the neural processing of luminal 
information in the intestine is especially chal-
lenging. A major hurdle has been the complex 
spatial organization of the mucosal structures and 
their innervation along the radial axis. 
Furthermore, their relation to the underlying 
interconnected nerve plexuses embedded 
between contractile muscle layers also remains 
elusive.

The foundation of our current knowledge on 
enteric neuronal responses to chemical and nutri-
ent stimulation of the mucosa stems from an 
extensive body of work by Bertrand, Bornstein, 
and colleagues [2–5, 14]. These studies were per-
formed on semidissected guinea pig small intes-
tine preparations with the mucosa and submucosa 
removed in one-half to record electrical activity 
from exposed myenteric neurons or in the circu-
lar muscle. Various chemicals including 5-HT 
and acetate applied onto the mucosa were shown 
to activate AH neurons in a nonsynaptic manner, 
while S-type neurons were stimulated synapti-
cally. Specific amino acids and putative mucosal 
mediators (5-HT, ATP, and CCK-8) puffed onto 
the mucosa could also elicit neurogenic inhibi-
tory junction potentials in the smooth muscle 
[14]. These responses to amino acids were found 

to involve serotonergic and purinergic signaling 
pathways. To build on these findings and advance 
our understanding on how luminal contents are 
perceived by the ENS, we ultimately strive to 
work toward integrated systems with all the gut 
layers intact and connections between them pre-
served. Given the advantage of imaging tech-
niques in enabling the survey of activity and 
spatiotemporal relation in large populations of 
neurons, as well as the availability of transgenic 
animals encoding cell-type-specific activity- 
dependent reporters, such technologies are 
increasingly adopted for ENS studies [6]. 
Together with the development of advanced 
microscopy techniques including multiphoton 
intravital imaging [35], we stand in good stead 
for studying the ENS in more intact ex vivo prep-
arations and even in live animals via an optical 
approach.

Here, we highlight recent contributions to the 
knowledge of sensory mucosal innervation of the 
small and large bowel by the developing and 
mature ENS, as well as some of the methodolo-
gies that facilitate this process in parallel. We 
also revisit some established work examining the 
functional connectivity between the myenteric 
and submucosal plexus and their role in coordi-
nating overall gut function. Finally, we conclude 
by discussing future perspectives on the study of 
the enteric circuitry, particularly along the 
mucosa-serosa axis.

7.2  The Development 
of the Intrinsic Sensory 
Innervation of Mucosa

Recent work in mice shows that developing neu-
rites from the myenteric plexus (MP) project 
toward the mucosa from E13.5, and this occurs 
even earlier than the formation of the submucosal 
plexus (SMP) and villi [15]. Further, these neu-
rites were shown to be functionally active by 
E15.5. While putative mucosal mediators were 
previously examined by localized applications to 
the mucosal surface, this study details a tech-
nique developed to mimic the basolateral release 
mediators from EECs whereby a micropipette is 
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used to impale a single villus to inject different 
substances. In combination with transgenic mice 
encoding the fluorescent Ca2+ reporter GCaMP3, 
responses to mucosal stimulation in the underly-
ing nerve plexus could be imaged in full- thickness 
preparations (Fig. 7.1). Using this approach, the 
injection of 5-HT into the villus tip and focal 
electrical stimulation of a villus were both shown 
to elicit responses in underlying myenteric neu-
rons at E15.5. Hence, these neurites in the devel-
oping gut were already capable of transmitting 
mucosal signals to the MP at this early age [15]. 
Coinciding with the development of this mucosal 

innervation is the beginning of the differentiation 
of EECs in the epithelium, which occurs between 
∼E14-E15 [9]. Thus, the prenatal gut may already 
be able to detect luminal contents. It will be 
important to understand how the interaction 
between these sensory nerves and the intestinal 
epithelium develops postnatally, particularly 
relating to the introduction of a liquid diet from 
birth and later the shift to a solid diet during 
weaning, as well as the concomitant increase in 
microbial diversity. The influence of nutritional 
and microbial factors on how these connections 
establish potentially impacts the health of the gut 

Fig. 7.1 A schematic 
depicting the 
experimental setup that 
enables imaging of 
responses to mucosal 
stimuli in the underlying 
nerve plexus. Using 
tissues from transgenic 
animals that express a 
fluorescent-activity- 
dependent reporter (e.g., 
GCaMP) specifically in 
the ENS [6], neural 
activity in the myenteric 
and submucosal plexus 
can be imaged through 
the layers of the intact 
gut. Chemical stimuli 
can be (a) perfused onto 
the mucosal surface or 
(b) injected into a single 
villus via micropipette 
pushed through the 
epithelial layer to mimic 
the basolateral release of 
mucosal mediators 
targeting the containing 
mucosal nerve endings
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and its predisposition to disease in later life. For 
instance, neonatal antibiotic administration is 
associated with neurochemical changes in the gut 
and functional alterations in gut motility [18], 
and is also associated with an increased suscepti-
bility to various diseases [10].

7.3  Sensing Microbial 
Metabolites

Despite the immense attention on the impact of 
gut microbiota in recent years given their impli-
cation in multifaceted aspects of health and dis-
ease, how microbes influence neurogenic 
function is only beginning to be explored. Recent 
work by Obata et al. [29] uncovered a mechanism 
whereby the gut microbiota can modulate the 
transcriptome of enteric neurons and, by acting 
through the aryl hydrocarbon receptor (AhR), 
can ultimately regulate colonic motility. Intestinal 
microbial composition can also affect the electro-
physiological properties of enteric neurons [25]. 
Yet, taking into account the intestinal epithelial 
barrier separating the luminal contents from the 
ENS, the question remains of how microbes or 
microbial metabolites interact with enteric 
neurons.

Short-chain fatty acids (SCFAs) are key can-
didates for mediating signaling between micro-
biota and the ENS. Indeed, the SCFAs, namely, 
acetate, propionate, and butyrate, are among the 
most abundant metabolites produced by micro-
bial fermentation and are present at concentra-
tions of up to 100  mM in the lumen of the 
proximal colon [8]. In our recent work, we took a 
similar imaging approach as that described  earlier 
[15]. Full-thickness preparations of proximal 
colon from transgenic mice that express 
GCaMP3 in their intestinal epithelium or in their 
ENS, respectively, were used to address whether 
luminal SCFAs may signal to enteric neurons via 
the epithelium or directly, that is, via diffusion 
through the epithelium [12]. The mucosal appli-
cation of SCFAs was found to acutely elicit Ca2+ 
responses in the epithelium and underlying 
enteric neurons. On the other hand, the direct 
application of SCFAs to peeled myenteric plexus 

preparations did not evoke consistent neuronal 
responses. This suggests that SCFAs do not acti-
vate myenteric neuronal cell bodies directly and 
that the neuronal responses to luminal SCFAs 
observed require the mucosa.

Gut microbes may also modulate ENS activity 
via SCFAs through serotonergic signaling by 
increasing both enterochromaffin (EC) cell den-
sity and their expression of TPH1 (5-HT synthe-
sizing enzyme) [34, 37]. Luminal 5-HT levels, 
which are modulated by the gut microbiota, can 
also reciprocally regulate microbial composition 
[16]. However, the effect of luminal 5-HT on the 
ENS is less clear. 5-HT acutely applied to muco-
sal surface of the colon elicits epithelial Ca2+ 
responses, but it was not an effective stimulus of 
Ca2+ responses in myenteric neurons, with only a 
small proportion of responding neurons within 
the field of view [12]. Myenteric responses to 
5-HT injected into villi or applied onto the muco-
sal surface have also been compared in the study 
by Hao et al. [15]. Notably, 5-HT applied to the 
epithelial surface evoked detectable myenteric 
neuronal responses in only 30% of preparations, 
while responses to 5-HT injections were observed 
in over 80% of preparations examined. Thus, 
while 5-HT released from EC cells acts as a sen-
sory mediator and acutely activates enteric neu-
rons at the basolateral site, luminal 5-HT likely 
modulates ENS activity by broadly stimulating 
the mucosal epithelium.

The mouse proximal colon contains transverse 
mucosal folds with specific microbial popula-
tions residing beneath the folds that are distinct 
from those in the luminal digesta [28]. This raises 
questions of whether there are localized regional 
specializations in the innervation of these muco-
sal structures and in their detection of microbial 
content. With fluorescence and second harmonic 
generation (SHG) microscopy, we found that 
submucosal ganglia were organized such that 
they closely align with the striations of the trans-
verse mucosal folds in the proximal colon [12]. 
By contrast, myenteric ganglia were distributed 
relatively evenly throughout the plexus (Fig. 7.2), 
and responses to SCFAs either applied to the 
ridge or to the mucosal surface between the 
ridges were also comparable. Conceivably, secre-
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Fig. 7.2 (a-a’) A flat sheet preparation of mouse colon 
illustrating the striated mucosal folds in the proximal 
region. (b) A flat sheet preparation of peeled proximal 
colon (with the epithelium removed) from a 
Wnt1xGCaMP3 mouse, which expresses the fluorescent 
Ca2+ indicator in its ENS. The black square in (a’) repre-
sents the approximate location along a mucosal ridge at 

which this image was taken. The dotted lines outline the 
mucosal ridge running across the preparation. The arrow-
heads indicate underlying submucosal ganglia that are 
closely aligned along the ridge. The neural network that is 
out of focus in the background shows that myenteric gan-
glia by comparison are evenly distributed throughout the 
plexus

tomotor neurons more densely innervate the 
mucosal folds to regulate mucus and fluid secre-
tions for the retention of bacterial content. 
Another possibility is that this SMP organization 
reflects an influence of microbial colonization on 
its development during early postnatal ages. 
Perhaps developing submucosal neurons and 
their projections are drawn toward the accumula-
tion of microbes at the mucosal folds. Indeed, the 

developmental time window during which the 
postnatal maturation of submucosal ganglia in 
the colon occurs overlaps with the period during 
which the early gut microbiome is established 
[10, 24]. It remains to be determined whether 
there is specific innervation of the mucosal ridges 
from the underlying submucosal ganglia aligned 
along these structures and how the microbiota 
may influence their development.
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7.4  Coordinating Activity 
in the Myenteric 
and Submucosal Plexus

The integrated activity of the myenteric and sub-
mucosal neurons is presumably critical in coordi-
nating motor, secretomotor, and vasodilator 
output for normal gut function. For instance, 
organized changes in motility, secretion, and 
blood flow would be necessary for optimizing 
digestion and nutrient absorption in the fed state. 
It has been proposed that secretomotor and vaso-
motor reflexes running through the myenteric 
plexus may be involved in integrating responses 
to luminal stimuli [32, 33, 36]. The presence of 
such secretomotor reflexes was demonstrated in 
guinea pig ileum where the mucosa was removed 
in half of the preparation and electrical stimula-
tion of the mucosa evoked fast EPSPs in 86% of 
submucosal neurons situated 0.7–1 cm anal to the 
site of stimulation [33]. The number of neurons 
displaying fast EPSPs was reduced to 11% in 
preparations where connections between the sub-
mucosa and myenteric plexus were severed. 
Furthermore, fast excitatory postsynaptic poten-
tials (EPSPs) were absent after an incision was 
made in the myenteric plexus between the stimu-
lus site and the recording site but were still 
observed when an incision was made in the sub-
mucosal plexus. Using the same tissue prepara-
tion, vasodilator reflexes elicited by mucosal 
stroking or balloon distension were similarly 
reduced by an incision made in the myenteric 
plexus between the stimulus and recording sites 
[32]. A lesion made in the submucosal plexus 
also had no effect. These studies highlight the 
functional connectivity between the mucosa, sub-
mucosa, and myenteric plexus. Examining activ-
ity in the enteric network at a larger scale (albeit 
at a lower resolution), Okamoto et al. [30] have 
also demonstrated that there is a degree of syn-
chrony in myenteric and submucosal neuronal 
activities during colonic migrating motor com-
plexes (CMMCs) using Ca2+ imaging of the 
murine large intestine. A key limitation here is 
motion artefacts due to contractile activity and 
therefore the continued development of analyti-

cal tools will be critical for addressing such 
issues [17, 20].

From a developmental perspective, Lasrado 
et  al. [22] provided evidence of a lineage- 
dependent organization of enteric neuroglial 
units distributed in radial columns using a genetic 
approach to fate map individual Sox10-expressing 
enteric neural crest-derived cells (ENCCs) in 
mice. Lineally related myenteric neurons were 
found to be more likely to display synchronous 
Ca2+ activity in response to electrical stimulation. 
The authors propose that such neural units poten-
tially underlie the coordinated signaling of the 
two nerve plexuses and may give rise to synchro-
nous changes in gut motility and secretion. 
Nonetheless, how this synchronous activity is 
coordinated and its implications on integrated gut 
function need to be further explored.

Clearly, there is communication between the 
myenteric and submucosal plexus, but our under-
standing of this interaction is still limited. Current 
knowledge of the interconnectivity between the 
two plexus layers is primarily based on studies of 
the guinea pig small intestine. Early work by 
Bornstein et al. [7] demonstrated that submucosal 
neurons receive synaptic input from the myen-
teric neurons using intracellular recording on 
preparations from guinea pigs with a surgically 
induced lesion in the myenteric plexus. The num-
ber of submucosal neurons displaying excitatory 
synaptic inputs was significantly reduced follow-
ing the ablation of the myenteric plexus and deg-
radation of its nerve terminals. Moore and Vanner 
[27] further demonstrated a functional connec-
tion between the plexus layers using flat sheet 
preparations with the mucosa completely 
removed and the submucosal plexus removed in 
half of the preparation to expose the myenteric 
plexus. They performed intracellular recordings 
of submucosal neurons while applying focal 
electrical stimuli to the myenteric plexus at vary-
ing distances oral to the recording site. Both fast 
and slow excitatory, but not inhibitory, synaptic 
inputs were observed in 62% of submucosal 
S-type neurons anal to the stimulation site. Slow 
EPSPs were observed up to 10 mm from the point 
of stimulation, whereas fast EPSPs were detected 
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up to 25 mm. Communication between the myen-
teric and submucosal plexus can also occur bidi-
rectionally as Monro et al. [26] have shown that 
focal electrical stimulation of submucosal neu-
rons can similarly evoke fast and slow EPSPs in 
some myenteric S-type neurons. Myenteric 
responses could be evoked by stimulating sub-
mucosal ganglia located orally, anally, or circum-
ferentially at distances between 0.42 and 1.33 mm 
from the recording site. However, most myenteric 
neurons did not respond, with only 24% of neu-
rons examined displaying synaptic potentials [26]. 
This suggests that the functional innervation of 
myenteric neurons by submucosal neurons is 
sparse compared to myenteric projections to sub-
mucosal neurons [27]. However, the specificity of 
such sparse connections is unclear [26]. That is, 
whether these connections enable precise control 
of a specific circuit or whether it simply has a less 
substantial modulatory role remains to be deter-
mined. One caveat of using such preparations is 
that it is technically unfeasible to record from 
myenteric neurons lying directly beneath the stim-
ulated submucosal neurons or vice versa. Thus, 
connections running directly vertically along the 
radial axis could not be examined and the synaptic 
connectivity between the two plexuses is likely 
underrepresented in these studies. Using current 
technologies, we are now capable of imaging neu-
ronal Ca2+ activity in both the myenteric and sub-
mucosal plexus of full- thickness tissues in 
response to the luminal application of different 
stimuli. Furthermore, together with post-hoc 
immunostaining, it is possible to identify specific 
neurochemical subtypes of enteric neurons that 
respond to nutrients such as glucose [13].

7.5  Future Perspectives

Our present understanding of the development 
and function of the enteric circuitry in the radial 
serosa-mucosa axis is less comprehensive com-
pared to that along the longitudinal axis within 
the nerve plexus [19, 21, 23]. However, we now 
have the ability to generate recordings of ENS 
activity over time using Ca2+ imaging in full- 
thickness preparations [13, 15] or even in  vivo 

[31, 35]. Thus, in employing and further refining 
such techniques, we expect to expand on this 
knowledge and gain insight into not only the 
coordination of signals in myenteric and submu-
cosal neurons, but also their integrated responses 
to luminal stimuli in the intact gut.
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8Serotonergic Paracrine Targets 
in the Intestinal Mucosa

Jackie D. Wood

Abstract

Serotonin functions as a neurotransmitter in 
the enteric nervous system. Aside from its 
neurotransmitter role, serotonin also is a para-
crine mediatorial signal in the digestive tract. 
It is a major paracrine signaling molecule in 
the integrated physiology of several classes of 
cells in the intestinal mucosa. Paracrine action 
can be initiation or suppression of activity in 
populations of cells that make up divergent 
phenotypic classes. This underlies phenotypic 
plasticity in single classes and links single 
classes to other neighboring phenotypic 
classes, thereby forming a single and higher- 
order organization in which different catego-
ries of function are integrated to work in 
harmony as a single homeostatic entity at 
higher levels of physiological organization. 
Phenotypic classes of cells that are linked by 
serotonergic paracrine signaling at upper lev-
els of functional organization in the small 
intestine are (1) enterochromaffin cells; (2) 
enteric mast cells; (3) spinal sensory afferents; 
(4) sympathetic postganglionic neurons; (5) 
enteric neurons.

Keywords

Serotonin · Enterochromaffin cells  
· Mast cells · Spinal afferents · Serotonergic 
receptors

8.1  Overview

Serotonin functions as a neurotransmitter in the 
enteric nervous system [1]. Aside from its neu-
rotransmitter role, serotonin also is a paracrine 
mediatorial signal in the digestive tract. It is a 
major paracrine signaling molecule in the inte-
grated physiology of several classes of cells in 
the intestinal mucosa. Paracrine action can be ini-
tiation or suppression of activity in populations 
of cells that make up divergent phenotypic 
classes. This underlies phenotypic plasticity in 
single classes and links single classes to other 
neighboring phenotypic classes, thereby forming 
a single and higher-order organization in which 
different categories of function are integrated to 
work in harmony as a single homeostatic entity at 
higher levels of physiological organization. 
Phenotypic classes of cells that are linked by 
serotonergic paracrine signaling at upper levels 
of functional organization in the small intestine 
are (1) enterochromaffin cells; (2) enteric mast 
cells; (3) spinal sensory afferents; (4) sympa-
thetic postganglionic neurons; (5) enteric 
neurons.

J. D. Wood (*) 
Department of Physiology and Cell Biology, The 
Ohio State University College of Medicine, 
Columbus, OH, USA
e-mail: Jackie.Wood@osumc.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
N. J. Spencer et al. (eds.), The Enteric Nervous System II, Advances in Experimental Medicine  
and Biology 1383, https://doi.org/10.1007/978-3-031-05843-1_8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-05843-1_8&domain=pdf
mailto:Jackie.Wood@osumc.edu
https://doi.org/10.1007/978-3-031-05843-1_8


82

8.2  Enterochromaffin Cells

Enterochromaffin cells are dispersed among 
columnar epithelial cells, M-cells, and goblet 
cells (Fig. 8.1). Columnar epithelial cells are the 
phenotypic class of cells that secrete sodium 
chloride, sodium bicarbonate, and water into the 
intestinal lumen. Goblet cells, as neighbors of 
columnar epithelial cells, are a class that synthe-
size mucus and secrete it as a luminal lubricant 
and protective barrier that “traps” and immobi-
lizes hazards inside the lumen. M-cells are a spe-
cialized class of epithelial cells belonging to the 
immune system. They ingest bacteria, viruses, 
and multiple kinds of particulate antigens by 
endocytosis from the intestinal luminal milieu. 
Enteric mast cells are a class of inflammatory- 
immune cells that express detection and para-
crine signaling functions and provide a first line 
of defense at a dangerous interface separating the 
“dirty” outside world from the body’s interior.

8.3  Enterochromaffin Cells

Enterochromaffin cells (ECs) synthesize and 
store large amounts of serotonin, estimated to be 
as high as 95 percent of bodily content. ECs 
release serotonin in paracrine signaling manner 
to interact with serotonergic receptors expressed 

by ENS neurons, enteric mast cells, and termi-
nals of spinal sensory afferent neurons in the 
mucosa.

Postprandial acid secretion is one of several 
stimuli for release of 5-HT from storage vesicles 
at the basolateral membrane of ECs, as is 
mechanical stimulation at Piezo 2 ionic channels, 
associated with movement of luminal contents 
and postprandial motility [2–4]. When released, 
serotonin diffuses into the lamina propria where 
it encounters secretomotor neurons of the ENS, 
enteric mast cells, and spinal afferent nerve ter-
minals (Fig.  8.1) [5]. Evidence, emerging from 
intestinal organoid cultures, suggests that ECs 
express functional voltage–gated ionic channels 
and are electrically excitable. Voltage-gated cal-
cium channels appear to be mediators of release 
of serotonin in response to luminal irritants, 
metabolites, and catecholamines [2].

8.4  Enteric Mast Cells

Enteric mast cells represent another phenotypic 
class of mucosal cells that release paracrine sig-
naling mediators. Multiple kinds of preformed 
mediators are synthesized and stored in granules 
inside mast cells. Newly synthesized lipid media-
tors are derived from enzymatic cleavage of 
membrane lipids. Preformed mediators are 

Fig. 8.1 Mucosal 
enterochromaffin cells 
release serotonin as a 
paracrine signaling 
molecule at receptors 
expressed by enteric 
mast cells, spinal 
afferent nerve terminals, 
and secretomotor 
neurons in the enteric 
nervous system
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released into the extracellular environment by 
mast cell degranulation. Serotonin, histamine, 
and serine proteases are prominent among pre-
formed mediators released as paracrine signals 
from mast cells. Prostaglandins and platelet- 
activating factor are examples of lipid mediators. 
Preformed and membrane-derived mediators are 
released when a mast cell is activated by antigen 
cross-linking to immunoglobulin E antibodies 
attached to high-affinity FcεRI receptors at the 
mast cell surface or by paracrine mediators, one 
of which is serotonin.

Selective recognition of antigens by antibod-
ies attached to FcεRI receptors on sensitized mast 
cells triggers degranulation and release of the 
mast cell’s paracrine mediators. Among the 
mediators are serotonin and the proteases, tryp-
sin, and chymotrypsin. Once released, the media-
tors become paracrine signals to the ENS, which 
responds with programed defensive behavior that 
removes the antigen from the intestinal lumen. 
Copious glandular secretion, vasodilation, and 
increased blood flow followed by powerful ortho-
grade propulsion of the luminal contents are 
operational stages of the behavior [8–11].

8.5  Paracrine Linkage 
of Enterochromaffin Cells 
to Mast Cells

Serotonin, released from EC cells onto mucosal 
mast cells, degranulates the mast cells and 
releases mediators that become paracrine signals 
to the ENS, spinal afferent nerve terminals, and 
epithelial secretory glands (Fig.  8.1). Mucosal 
mast cells express the 5-HT1A serotonergic recep-
tor subtype [12]. Activation of the receptor results 
in degranulation and release of preformed hista-
mine and mast cell proteases. Exposure to the 
selective 5-HT1A receptor agonist, 8-hydroxy- 
PIPAT, in vitro, evokes mast cell release of hista-
mine followed by paracrine action of the released 
histamine to evoke a cyclical pattern of intestinal 
motility that is simultaneously matched with a 
cyclical pattern of glandular secretion of H2O and 
NaCl [12, 13]. Mast cell–stabilizing drugs, 
doxantrazole and cromolyn sodium, suppress 

release of histamine and mast cell proteases when 
evoked by serotonin or 8-hydroxy-PIPAT in prep-
arations from guinea pig and human intestinal 
preparations in vitro [14].

8.6  Paracrine Linkage of Enteric 
Mast Cells to Spinal Afferents

Degranulation of mucosal mast cells discharges 
paracrine mediators that sensitize “silent” spinal 
afferent nociceptors and lowers the threshold for 
painful responses to intestinal distension [15]. 
Painful responses of this nature are suppressed by 
treatment with mast cell–stabilizing drugs, as 
well as pharmacological blockade of the seroto-
nergic 5-HT3 receptor subtype expressed by 
afferent nerve terminals [15–17]. Effects of mast 
cell degranulation that sensitizes spinal afferents 
are reminiscent of the canonical hypersensitivity 
to intestinal distension in IBS [18]. Mucosal 
biopsies from IBS patients have elevated num-
bers of mast cells and this raises a question of 
whether hypersensitivity to distension reflects 
sensitization of intramural endings of mechano-
sensitive spinal afferents by mediators released 
from mast cells (Fig. 8.2) [7, 19].

Aside from mast cell mediators that sensitize 
intestinal afferents, degranulating mast cells 
release chemoattractant factors, such as TNFα 
and IL-1 cytokines that stimulate inflammatory 
leukocyte extravasation into the mucosa. This 
can be demonstrated by placement of purified 
Clostridium difficile toxin-A into loops of intes-
tine in vivo. Clostridium difficile toxin-A stimu-
lates extravasation coincident with profuse 
mucosal secretion linked with powerful ortho-
grade propulsive motility and association with 
abdominal pain. Blockade of conduction in 
nerves of the ENS, blockade of receptors for the 
spinal afferent neurotransmitters NK-1 and 
CGRP, or application of mast cell–stabilizing 
drugs prevents the acute inflammatory response 
to C. difficile toxin, all of which reflects a mast 
cell to spinal afferent link [20–22]. Intestinal 
inflammatory events are not evoked by intraluminal 
application C. difficile toxin in mast cell–deficient 
mice [23].

8 Serotonergic Paracrine Targets in the Intestinal Mucosa
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Fig. 8.2 Serotonergic paracrine signals link enteric mast 
cells and spinal afferents and thereby form a high-level 
interactive organization consisting of spinal afferents, 
enteric mast cells, and the enteric nervous system. Enteric 
mast cells are major intersections in the interactive induc-
tion of spinal afferent hypersensitivity. Afferent terminals 
discharge action potentials when receptors for paracrine 
mediators, such as adenosine, histamine, or mast cell pro-
teases and/or channels for a sensory modality, such as 
chemosensitivity, mechano-sensitivity, or temperature 
response to the preferred stimulus. Interactive signaling in 
the form of action potential codes releases substance P 
and CGRP at afferent-mast cell junctions, as well as at 
synaptic connections with neurons in the enteric nervous 
system and second-order neurons in the spinal cord. Mast 

cells express receptors for substance P and CGRP, which 
degranulate the mast cells and release mediators, such as 
mast cell proteases and histamine. Histamine and mast 
cell proteases, and additional mediators, diffuse to their 
receptors on afferent terminals, in paracrine fashion, and 
act to enhance the sensitivity for a stimulus to trigger 
action potentials and augment firing frequency in the ter-
minal. In this event, afferent input to mast cells, enteric 
neuronal microcircuits, and the spinal cord is elevated. 
Mast cells and afferents connected in this manner form a 
positive feed-forward loop that self-perpetuates in the sen-
sitization of afferent terminals. Neurophysiological con-
nectivity of an interactive enteric mast cell-afferent-enteric 
neuronal network, like this, would be expected to underlie 
hypersensitivity to stimuli in the gut

Substance P is found to be a principal media-
tor in the sequence of events underlying mast cell 
degranulation and release of chemoattractant fac-
tors for circulating leucocytes in C. difficile toxin 
A–induced mast cell degranulation [24, 25]. It is 
expressed and released by interneurons, secreto-
motor neurons, and musculomotor neurons in the 
ENS, as well as by intestinal spinal afferents [6].

Substance P is a putative neurotransmitter for 
local spinal afferent reflexes, in the gut, that are 
reminiscent of the cutaneous triple response of 
Lewis. The triple response of Lewis is due to the 
release of histamine. Moreover, substance P is a 
secretagogue for histamine and cytokine release 
from mast cells [6]. Known firing of ENS neu-
rons by excitatory action of C. difficile neuro-
toxin releases neuronal substance P, which in turn 
acts to degranulate mast cells in the neighbor-
hood where it is released.

C. difficile toxin-A depolarizes the membrane 
potential and elevates excitability of myenteric 
and submucosal neurons [26]. This occurs coin-
cident with presynaptic suppression of nicotinic 
fast excitatory synaptic transmission in the inte-
grative microcircuitry of both the myenteric and 
submucosal divisions of the ENS and with sup-
pression of inhibitory noradrenergic neurotrans-
mission to secretomotor neurons in the 
submucosal plexus [26]. Suppression of norad-
renergic neurotransmission removes sympathetic 
braking action from ENS secretomotor neurons 
and thereby expedites mucosal glandular secre-
tion (Fig. 8.1). When this occurs in combination 
with neurotoxin-evoked excitation of secretomo-
tor neurons, it becomes an underlying factor in 
diarrhea associated with antibiotic-induced C. 
difficile overgrowth.
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8.7  Spinal Afferents Degranulate 
Enteric Mast Cells

Spinal afferents innervate enteric mast cells 
(Fig.  8.2). Substance P and calcitonin gene–
related peptide (CGRP) are released from affer-
ent collaterals at their junctions with mucosal 
mast cells. Acting as neurotransmitters, substance 
P and CGRP degranulate the mast cells and 
release mediators that become paracrine signals 
to the ENS, epithelial secretory glands, and 
mucosal blood vessels. Antidromic electrical 
stimulation of spinal afferents, as they leave the 
intestine in perivascular nerve bundles in the 
mesentery, is a method for study of local reflexes 
involving spinal afferents inside the intestinal 
tract. Along with reflexes involving the muscula-
ris and secretory glands, retrograde stimulation 
activates reflex degranulation of mast cells. 
Backfiring of the afferents has the added effect of 
evoking slow excitatory postsynaptic potentials 
(slow EPSPs) in neurons of the myenteric and 
submucosal divisions of the ENS [27]. These 
slow EPSPs reflect release of substance P and 
calcitonin gene–related peptide (CGRP) from the 
afferents [27].

Responses to application of the mast cell 
secretagogue, compound 48/80, to guinea pig 
ileum and human jejunal preparations in  vitro 
mimic all aspects of slow EPSPs, evoked by stim-
ulation of spinal afferents in the myenteric and 
submucosal divisions of the ENS [27]. Slow 
EPSP-like depolarizing responses to compound 
48/80 are suppressed by mast cell–stabilizing 
drugs, cromolyn and doxantrasole, suggesting 
that slow EPSP-like depolarization in ENS 
 neurons reflects release of mast cell products that 
reach ENS neurons in paracrine signaling 
fashion.

Expression of the transient receptor potential 
cation channel, TrpV1, also known as the capsa-
icin receptor, is a marker for spinal afferent fibers 
in the lamina propria of intestinal preparations 
in  vitro [27]. Application of the VR1 receptor 
agonist, capsaicin, mimics the action of com-

pound 48/80 to depolarize and elevate the excit-
ability of neurons in the ENS. Responses to 
capsaicin are reduced when applied in the pres-
ence of PAR3888, a selective antagonist at PAR2 
serine protease-activated receptors. This implies 
that capsaicin acts to fire intramural afferents that 
connect with enteric mast cells. Release of sub-
stance P and CGRP, at the afferent-mast cell 
junction, degranulates the mast cells and releases 
mast cell proteases as excitatory paracrine sig-
nals to neurons in the ENS. Mast cell proteases 
are known agonists at excitatory PAR receptors 
on ENS Neurons [28].

Data confirm that stimulation of intramural 
spinal afferents, either by antidromic electrical 
stimulation or by capsaicin, degranulates enteric 
mast cells and releases significant concentrations 
of histamine and mast cell proteases into the tis-
sues and bathing medium in vitro [27] Histamine 
and mast cell proteases, when released, diffuse to 
the ENS in paracrine signaling fashion, where 
they evoke slow EPSP-like excitation. These 
responses mimic antigen-evoked mast cell 
degranulation in intestinal preparations from lab-
oratory animals that have been immune- sensitized 
to food proteins (milk) or antigens isolated from 
intestinal parasites, such as Trichinella spiralis 
[9, 10].

In addition to being paracrine signals to ENS 
neurons, mast cell degranulation products sensi-
tize and evoke action potential discharge in the 
terminals of intramural afferents, with the infor-
mation transmitted via spinal dorsal roots into the 
spinal cord, as well as to ENS neurons by intra-
mural spinal afferent collateral projections [15]. 
The afferent-mast cell connection in the intestine 
is a reflex reminiscent of the cutaneous “triple 
response of Lewis” reflex. The triple response of 
Lewis is evoked by noxious stroking of the skin, 
which results in an initial red line, followed by a 
flare around the line and then a reddened wheal. 
The triple response is due to afferent-evoked 
release of histamine by cutaneous mast cells in 
like manner to the afferent-enteric mast cell reflex 
in the bowel.
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9Enteric Control of the Sympathetic 
Nervous System

Tim Hibberd, Nick J. Spencer, Simon Brookes, 
Marcello Costa, and Wai Ping Yew

Abstract

The autonomic nervous system that regulates 
the gut is divided into sympathetic (SNS), 
parasympathetic (PNS), and enteric nervous 
systems (ENS). They inhibit, permit, and 
coordinate gastrointestinal motility, respec-
tively. A fourth pathway, “extrinsic sensory 
neurons,” connect gut to the central nervous 
system, mediating sensation. The ENS resides 
within the gut wall and its activities are critical 
for life; ENS failure to populate the gut in 
development is lethal without intervention.

“Viscerofugal neurons” are a distinctive 
class of enteric neurons, being the only type 
that escapes the gut wall. They form a unique 
circuit: their axons project out of the gut wall 
and activate sympathetic neurons, which then 
project back to the gut, and inhibit gut 
movements.

For 80 years viscerofugal/sympathetic cir-
cuits were thought to have a restricted role, 
mediating simple sensory-motor reflexes. 
New data shows viscerofugal and sympathetic 
neurons behaving unexpectedly, compelling a 
re-evaluation of these circuits: both viscerofu-

gal and sympathetic neurons transmit higher 
order, synchronized firing patterns that origi-
nate within the ENS. This identifies them as 
driving long-range motility control between 
different gut regions.

There is need for gut motor control over 
distances beyond the range of ENS circuits, 
yet no mechanism has been identified to date. 
The entero-sympathetic circuits are ideally 
suited to meet this need. Here we provide an 
overview of the structure and functions of 
these peripheral sympathetic circuits, includ-
ing new data showing the firing patterns gen-
erated by enteric networks can transmit 
through sympathetic neurons.

Keywords

Enteric nervous system · Sympathetic 
nervous system · Motility · Viscerofugal 
neuron · Intestinofugal neuron · Intestino- 
intestinal reflex · Colonic motor complex · 
Prevertebral ganglia

The gut’s intrinsic enteric nervous system (ENS) 
contained within the gut wall confers a unique 
capacity for independent coordination of motor 
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behaviors. The persistence of gut motor activities 
deprived of connections to the rest of the body 
was noted early [119], and an intrinsic nervous 
system to coordinate motor behaviors was pro-
posed even prior to description of the myenteric 
plexus [2, 66] – later shown to be the essential 
network for neurogenic motility [13]. While neu-
rogenic motor behaviors such as peristalsis [70, 
102] and motor complexes [112, 122] can oper-
ate by coordination from the ENS alone, motility 
is “liable to be stimulated or checked by other 
parts of the nervous system” [66].

9.1  Central Sympathetic Circuits

Such other parts of the nervous system liable to 
exert control over the gut include sympathetic 
neurons in splanchnic pathways. Electrical stim-
ulation of splanchnic nerves or the thoracolum-
bar spinal cord from which they emerged causes 
widespread intestinal motor inhibition [66, 72, 
98]. Conversely, severing these pathways 
increased motility [72, 98] and enhanced intesti-
nal motor responses to vagal stimulation [46]. 
Reflex activation was soon discovered: acting 
principally through the splanchnic spinal path-
ways, they are evoked by mechanical stimulation 
of peritoneum [71], or gut handling [6]. They are 
prevented or abolished by splanchnic nerve tran-
section [6]. Thus, it was shown reflex inhibition 
of the gut can be evoked by mechanical or chemi-
cal stimulation from multiple sites, including 
bladder, skin, urogenital organs, peritoneum, 
mesentery, and gut [10, 50, 76]. Indeed, laparot-
omy alone is sufficient to produce inhibition [84] 
and, along with gut handling and other stimuli, 
they are key contributors to the phenomenon of 
ileus following surgery [5, 120]. In our hands, 
mouse colonic motility is enhanced by extrinsic 
denervation in preparations containing spinal 
cord and sympathetic ganglia, in vitro (Spencer, 
unpublished data; Fig. 9.1).

Among the locations from which gut inhibi-
tion can be evoked, the gut itself is particularly 
effective [6]. Mechanical or chemical stimula-
tions of the intestine that caused inhibition of the 
same and distant gut segments were termed the 

intestino-intestinal reflex [91]. Here we refer also 
to those reflexes that affect the colon, rectum, and 
stomach by splanchnic pathways (e.g., Hukuhara 
et  al. [44]). The long circuit intestino-intestinal 
reflexes depend on the spinal cord [44, 97, 124] 
and splanchnic nerves [7, 38, 50, 90, 97, 123, 
124], but not the vagus [38, 50, 90, 123, 124]. 
Inhibition is mediated primarily through α2 adr-
enoreceptors [48, 90]. The reflex can also be trig-
gered by electrical stimulation of the central end 
of a sectioned splanchnic nerve [91], or mesen-
teric nerves [45, 48]. Thus, the afferent arms of 
this reflex are thoracolumbar spinal sensory neu-
rons and the efferent arm is formed by sympa-
thetic neurons, both of which travel in the 
splanchnic nerves. A schematic diagram of the 
long central sympathetic circuit is shown in 
Fig.  9.2. Reflex activation typically requires 
abrupt, noxious levels of stimulation and are thus 
regarded a defense mechanism [11, 19]. Indeed, 
intense intestinal distensions showed inhibition 
of motility and decreased tension in the distended 
segment, but sympathectomy unmasked active 
contractions, leading to development of even 
greater intestinal pressures than distension alone 
[123].

9.2  Peripheral Sympathetic 
Circuits

Some studies reported residual motor  inhibition 
after severing connectivity between prevertebral 
ganglia and the CNS [35, 63], suggesting inde-
pendent tonic postganglionic sympathetic neuron 
activity or a peripheral circuit. However, others 
found no inhibitory role for the PVG after decen-
tralization [32, 44]. The existence of a peripheral 
circuit was firmly established by demonstrations 
that distension-evoked inhibitory reflexes per-
sisted between two colonic segments linked only 
by PVG, decentralized acutely [60], and chroni-
cally [61]. Similar results were obtained in dog 
small intestine [104]; also see Szurszewski and 
Miller [114] for review. These studies thus pro-
vided the basis for an additional circuit underly-
ing intestino-intestinal reflexes, which feature 
enteric neurons in the afferent arm and postgan-
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Fig. 9.1 Mouse colonic motility before and after extrin-
sic nerve section, in vitro. These unpublished traces show 
standard force recordings [31], from whole mouse colon 
with intact connections to spinal cord, in vitro (Spencer, 
unpublished data). Prior to cutting extrinsic nerves, motil-
ity was dominated by phasic myogenic patterns with few 

CMCs. Regular CMCs appeared promptly after complete 
extrinsic (mesenteric) nerve section. These data are con-
sistent with the well-known central sympathetic reflex 
inhibition following noxious stimulation caused by cut-
ting and dissecting, as was evoked by simple laparotomy 
in rabbits [84]

glionic sympathetic neurons in the efferent arm 
(see schematic diagram, Fig.  9.2). The popula-
tion of enteric neurons that project to PVG are 
commonly referred to as “viscerofugal” or “intes-
tinofugal.” Here we use the more generic term 
“viscerofugal.”

9.3  Enteric Viscerofugal Neurons

Initial structural evidence for viscerofugal neu-
rons was provided by nerve degeneration studies 
showing axons persisted on the distal side of 
chronically sectioned mesenteric/colonic nerve 
trunks using silver staining [28, 59–61, 99, 101, 
103, 118] and from the accumulation of immuno-
histochemically detected neuropeptides [14, 20, 
22, 73]. Subsequently, neuroanatomical tracing 
techniques enabled direct visualization of vis-
cerofugal nerve cell bodies [21, 29, 30], and 
immunohistochemical analysis of their nerve  
cell bodies ([37, 64], see [116] for review). 
Viscerofugal nerve cell bodies occur exclusively 
in the myenteric plexus in rat, mouse, guinea pig, 
and dog [62, 65, 69, 85, 88], while in cats and 
pigs, they are in the myenteric plexus with a 
minority in the outer submucous plexus [3, 30]. 

The number of PVG-projecting viscerofugal 
 neurons increases distally along the gastrointesti-
nal tract in guinea pig [85, 86] and pig [3, 4]. 
Aside their unique axonal projections out of the 
gut, viscerofugal neuron morphological charac-
teristics resemble other enteric neurons. In guinea 
pigs, rats, and mice, most viscerofugal neurons 
have been described as uniaxonal, Dogiel type I 
cells, with or without short lamellar dendrites 
[12, 34, 39–41, 62, 67, 85, 86, 88, 94, 105, 117, 
125, 126], although minor populations of multi-
axonal viscerofugal neurons have been reported 
[25, 26, 41, 69]. Examples of viscerofugal nerve 
cell body morphology are shown in Fig. 9.3.

9.4  The ENS-SNS Interface 
in Prevertebral Ganglia

Intracellular recordings from single prevertebral 
sympathetic neurons demonstrate they receive 
synaptic inputs from multiple enteric viscerofu-
gal neurons in guinea pig [18] and mouse [87]. 
They release acetylcholine [96], acting on post-
synaptic nicotinic receptors, giving rise to fast 
excitatory postsynaptic potentials in sympathetic 
neurons [18]. Neuropeptides contained in vis-
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Fig. 9.2 Schematic diagrams of the two intestino- 
intestinal reflex circuits. The upper diagram shows the long 
central sympathetic circuit comprised of visceral spinal 
sensory afferent nerves, spinal interneurons, and the pre- 
and postganglionic sympathetic neurons to the gut. This 
circuit is implicated in paralysis of the gut following nox-
ious stimuli. The lower diagram shows the shorter periph-

eral circuit comprising the viscerofugal afferent arm and 
postganglionic sympathetic efferent arm. This circuit is the 
major focus of this chapter and, in contrast to the long cir-
cuit, may underlie physiological regulatory functions, 
since viscerofugal neurons were recently observed trans-
mitting firing patterns organized by enteric motor circuits 
[40, 43]. (Diagrams adapted from Furness and Costa [33])

cerofugal neurons can also be released, mediat-
ing slow membrane depolarizations, enhancing 
the efficacy of fast inputs [27, 68, 96]. Nicotinic 
EPSPs from viscerofugal neurons are numerous 
but subthreshold in guinea pig, requiring summa-
tion to evoke action potentials [81, 82]. 

Sympathetic neurons that receive viscerofugal 
inputs also have relatively low-amplitude EPSPs 
from central preganglionic inputs, which 
McLachlan [81] noted highlights the importance 
of signal integration. As we note below, our 
recent work suggests the ENS may be a synchro-
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Fig. 9.3 Viscerofugal nerve cell body morphology. 
Examples of viscerofugal nerve cell bodies revealed by 
retrograde tracing from colonic nerve trunks to the guinea 

pig distal colon. Most viscerofugal nerve cell bodies in 
this species have a single axon and short flat dendrites. 
Calibration 50 μm

nizing mechanism that enhances signaling 
through these sympathetic neurons via subthresh-
old viscerofugal inputs.

In guinea pig celiac ganglion, viscerofugal 
nerve  terminals target postganglionic neurons 
classified electrophysiologically as “tonic” neu-
rons [36, 83], which contain immunohistochemi-
cally detectable tyrosine hydroxylase (TH), 
either alone or in combination with somatostatin 
[36]. These characteristics correspond to the vis-

ceromotor and secretomotor functional classes of 
sympathetic neurons [15, 75]. Vasomotor neu-
rons contain TH and neuropeptide Y and lacked 
viscerofugal inputs [36, 75, 82]. On this basis, 
peripheral sympathetic reflexes are expected to 
affect secretion as well as motility in the guinea 
pig. Some evidence for secretomotor intestino- 
intestinal reflexes in rat has been presented [100]. 
Viscerofugal neurons also project to PVG in 
mice, but the neurochemistry and electrophysiol-
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ogy of mouse prevertebral neurons are different 
from that of guinea pigs [47, 49] and are cur-
rently less well characterized.

9.5  Viscerofugal Neurons 
as Enteric Mechanoreceptors

Like earlier studies of the intestino-intestinal 
reflex, physiological studies of viscerofugal 
neuron function make extensive use of disten-
sion as an activating stimulus. Colonic disten-
sion, which causes motor inhibition in adjacent 
gut segments [55], evokes nicotinic EPSPs and 
action potential firing in guinea pig inferior 
mesenteric ganglia [18, 56, 115, 121], guinea 
pig coeliac- and superior mesenteric ganglia 
[54, 113], and mouse superior mesenteric gan-
glia [87–89]. A component of distension-evoked 
viscerofugal firing is directly mechanosensitive, 
since nicotinic and synaptic blockade in the gut 
fails to completely abolish distension-evoked 
fEPSPs in guinea pig and mouse PVG [9, 87, 
96, 113]. This was similarly the case during syn-
aptic blockade in direct electrophysiological 
recordings of viscerofugal axons in guinea pig 
colon [39] and found to be related to total gut 
strain [95]. This finding parallels several studies 
that demonstrate widespread capacity for direct 
mechanotransduction among enteric neurons 
[24, 57, 58, 77–80, 110].

9.6  Viscerofugal Neurons 
as Interneurons

Most synaptic inputs to PVG provided by vis-
cerofugal pathways are second order in nature, 
implying synaptic drive by other cells [18, 87]. 
Nerve cell bodies of viscerofugal neurons are 
surrounded by varicosities from other cholinergic 
enteric neurons, particularly those with descend-
ing projections [67]. Intracellular recordings 
from viscerofugal nerve cell bodies have shown 
they receive nicotinic fEPSPs [105] that arise 
from enteric neurons located orally, anally, and 
circumferentially [41]. Recordings from vis-
cerofugal axons in guinea pig colon revealed 

multiple viscerofugal neurons fired together in 
synchronized bursts of action potentials, imply-
ing receipt of common interneuronal connections 
in the ENS [40].

9.7  Viscerofugal Neurons 
and Neurogenic Motor 
Behaviors

Viscerofugal neurons are hardwired into the neu-
ral network principally responsible for coordinat-
ing motor behavior so that they may be reasonably 
suspected to show synaptically driven behavior 
associated with neurogenic motor behaviors. 
Studies of viscerofugal inputs to PVG neurons 
during colonic motility recordings note examples 
of both poor [18] and good correlation [1] 
between ongoing motility patterns and fEPSP 
inputs to PVG. Specifically, nonpropulsive motor 
patterns under lower distension conditions poorly 
correlated with viscerofugal inputs [121], while 
increased distension induced cyclic propulsive 
motor patterns that associated with fluctuations 
in viscerofugal fEPSPs input to PVG [1, 121]. 
The pressure dependence is consistent with the 
dependence of neurally organized cyclic motor 
complexes and propulsion on ongoing distension 
in guinea pig colon [17]. Later it was observed 
that muscle paralysis in guinea pig colon also dis-
rupts the neural events underlying cyclic neuro-
genic motor patterns [16, 17], precluding the 
opportunity to observe ENS-driven viscerofugal 
inputs to PVG without confounding muscular/
mechanical activity. Under this constraint, the 
best correlations between viscerofugal inputs and 
the mechanical state of the gut were observed 
under isovolumetric conditions in both guinea 
pig [1] and mouse [88].

9.8  Enteric Control 
of the Sympathetic Nervous 
System

An association between viscerofugal neuron fir-
ing behavior and enteric motor circuits was raised 
in the first direct electrophysiological recordings 
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from identified viscerofugal neuron axons [40]. 
Multiple viscerofugal neurons showed an ongo-
ing discharge in brief synchronized bursts of 
action potentials at ~25 cpm that was dependent 
on nicotinic transmission. These characteristics 
are remarkably similar to transient neural events 
we have since characterized in the guinea pig 
colon [17], which is probably the same motor 
pattern as the rhythmic discharge of synchro-
nized junction potentials recorded by Spencer 
et  al. [109] electrophysiologically. In addition, 
large fluctuations in firing were associated with 
motor activity in a way that could not be explained 
solely by an enteric mechanoreceptor model of 
viscerofugal neurons. In that study of guinea pig 
colon, multiple viscerofugal neurons discharged 
large bursts of action potential with rapid firing 
rates (up to 50 Hz) before muscular contractions, 
prior to changes in gut length [40]. Figure  9.4 
shows examples of this activity.

Recently, we reported the pattern of enteric 
neural activity underlying colonic motor com-
plexes in mice [111]. This was characterized as a 
~2 Hz synchronized firing pattern among myen-
teric neurons spanning many rows of ganglia, 
driving a similar pattern of voltage oscillation in 
smooth muscle at ~2 Hz. Recruitment of myen-
teric neurons into the firing pattern was virtually 
ubiquitous, strongly implicating viscerofugal 
neurons.

Colonic motor complexes in mice typically 
persist during muscle paralysis and remain read-
ily detected electrophysiologically [8, 42, 74], 
making possible an isolation of underlying neural 
dynamics from changes in gut strain or stress. 
Indeed, axonal recordings of viscerofugal 
 neurons in rectal nerve trunks revealed a 2 Hz fir-
ing pattern during motor complexes, synchro-
nized across multiple single units, with or without 
muscle paralysis [43]. See the examples of this 
synchronized firing pattern shown in Fig. 9.5.

This not only confirmed a role for viscerofu-
gal neurons as interneurons in enteric motor cir-
cuits, but also provided a higher-resolution 
window into the firing activities of neurons 
underlying the motor complex than is currently 

achieved with calcium imaging. The 2 Hz firing 
pattern of the motor complex is, at least for vis-
cerofugal neurons, a burst firing pattern. Here, 
variable numbers of action potentials are dis-
charged by individual neurons in any given cycle 
in the 2  Hz pattern (from 0 up to 12 were 
observed).

Motor complexes persisted after isolating the 
gut for 4 days in organ culture, enabling involve-
ment of spinal afferents to be excluded. Finally, 
sympathetic fibers emerging from inferior mes-
enteric ganglia were recorded from the central 
side of sectioned lumbar colonic nerves. 
Remarkably, all colonic motor complexes led to 
parallel discharge of sympathetic neurons with 
the 2  Hz firing pattern coordinated by enteric 
motor circuits. See examples of sympathetic 
nerve firing in Fig. 9.6.

It may be speculated that synchronized vis-
cerofugal firing enhances the likelihood their 
synaptic inputs reach threshold through temporal 
summation. In any case, these data show the ENS 
can drive sympathetic firing during colonic motor 
complexes, independent of preganglionic input. 
This suggests the ENS may intermittently use the 
SNS to feedback onto itself at other locations, 
presumably to modify motility and/or secretion.

9.8.1  Effector Function of ENS- 
Driven Sympathetic Firing

The physiological consequences of the enteric- 
driven mode of activation on the sympathetic 
effector side now present an open question. 
Since electrical stimulation of sympathetic effer-
ents does not block motor complexes [108] and 
its effects on their characteristics are subtle 
[106], it might be speculated motor complexes 
should be little affected. However, neurotrans-
mission associated with peristaltic reflexes along 
ascending and descending cholinergic interneu-
ronal pathways is inhibited in guinea pig [107] 
and in ascending pathways in mouse proximal, 
but not distal colon [106]. Thus, it is possible 
intermittent sympathetic activity associated with 
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Fig. 9.4 Viscerofugal firing behavior before contrac-
tions. Three examples of viscerofugal discharge before 
“spontaneous” contractions in the guinea pig distal colon 

[40]. These data strongly suggested viscerofugal firing 
activity was driven by enteric motor circuits

motor complexes may inhibit peristalsis else-
where. However, the effects of the ENS-
coordinated pattern of sympathetic firing on 
either of these activities remain to be examined. 

Other interesting possibilities include sympa-
thetic excitation of colonic ICC-MY and epithe-
lia [106], and whether obscure viscerofugal 
populations like the rectospinal neurons [23, 93], 
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Fig. 9.5 Viscerofugal neurons transmit the ENS- 
organized 2 Hz firing pattern underlying the CMC. The 
upper traces show three CMCs, detected by suction elec-
trodes (EMG). Each CMC was associated with a large 
increase in viscerofugal firing activity. The lower trace 
demonstrates the firing behavior was organized into bursts 

at a frequency of 2 Hz, which aligned with the 2 Hz volt-
age oscillations in smooth muscle EMG. Note the burst 
firing activity synchronized across two separate rectal 
nerve trunks. These activities occurred with or without 
muscle paralysis by nicardipine and thus are not explained 
by mechanoreception [43]
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Fig. 9.6 Parallel sympathetic firing during CMCs. All 
CMCs were associated with increased firing in sympa-
thetic neurons (upper traces). As with viscerofugal firing, 

sympathetic firing was organized into bursts at a fre-
quency of 2  Hz [43]. Thus, the ENS is independently 
capable of driving sympathetic nerves

or enteropancreatic neurons [51–53] are also 
activated by motor circuits. Finally, evidence of 
gut-pancreatic and gut-liver cross organ circuits 
involving viscerofugal neurons and prevertebral 
sympathetic neurons [92] raises the question 
whether gut motor behaviors are functionally 
linked to glucoregulatory processes through 
peripheral sympathetic circuits.
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10Embryonic Development 
of Motility: Lessons 
from the Chicken

Nicolas R. Chevalier

Abstract

I outline here the development of intestinal 
motility in the chicken embryo. The first con-
tractile events are circular smooth muscle 
driven calcium waves (E6), that gain a clock- 
like regularity when interstitial cells of Cajal 
become electrically active (E14). Soon after 
longitudinal smooth muscle contractions 
become prominent (E14), the enteric nervous 
system starts controlling motility (E16) by 
coupling the longitudinal and circular contrac-
tions via inhibitory neurotransmission. It gives 
rise to circular-longitudinal antagonism, to the 
migrating motor complex, and to the polarized 
ascending contraction-descending relaxation 
pressure response known as the “law of the 
intestine”. The kinetics of gut development in 
the chicken appears to follow faithfully that of 
humans by simply converting embryonic days 
of chicken development into embryonic weeks 
of human development.

Keywords

Peristalsis · Embryo · Intestine · Enteric 
nervous system

Newborn babies are often called “stomach on 
legs” because their foremost activity during this 
early period of life is to absorb vast quantities of 
milk. It is therefore vital that their gastrointesti-
nal machinery be functional at birth so that the 
transition from placental to intestinal feeding 
occurs as smoothly as possible. Other less 
“urgent” faculties – vision, motor skills, hearing, 
smell, etc.  – will develop fully only months or 
years after birth. The pressing need for functional 
motor reflexes of the gut entails precocious devel-
opment in the womb. It is most interesting to 
study the embryonic history of these reflex move-
ments for several reasons. First, these movements 
and their underlying causes go in the embryo 
from the easy to the more complex. Adult motil-
ity is remarkably complex, involving at least 
three vastly different cell types (circular and lon-
gitudinal smooth muscle, ICC, enteric neurons), 
chemical and mechanical inputs, a panoply of 
different neurons and neurotransmitters [16], and 
a rich phenomenology of different movements 
[22]. I believe that looking into the ontogenesis 
of this complexity holds a key to deciphering its 
essential building blocks, to read the “manual” of 
how the gut works in reverse. A second point is 
that many babies are born with intestinal dys-
motility problems [12] and that ontogenic studies 
hold the promise of identifying the origin of these 
deficits to better treat them. Finally, because 
ontogeny does to some extent recapitulate phy-
logeny, studying the emergence of digestive 
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movements gives us a way to understand how a 
vital reflex spontaneously emerged from the 
broth of evolution, and to fathom the digestive 
activity of more primitive species [11, 20].

Three animal models have contributed to this 
field of developmental physiology: the transpar-
ent zebrafish whose regular intestinal contrac-
tions can be seen without opening up the animal 
[13], the mouse [19], and the chicken. The first 
embryonic motility study in chicken can be 
traced back to Newgreen et al. [18]. It is notewor-
thy that, as far as the GI tract is concerned, the 
chronology of developmental events in chicken 
and humans is the same, in days for the former 
and weeks for the latter [6]. The chicken is of 
course phylogenetically more distant from 
humans than mice, but the ease with which 
embryonic samples of different ages can be 
obtained in the lab makes it of invaluable help for 
detailed experimental scrutiny. I will outline here 
some of the more salient results we obtained on 
this animal model over the past years.

10.1  The First Digestive 
Movements Are Just Calcium 
Waves in a Tube of Circular 
Smooth Muscle

The first digestive movements can be recorded as 
soon as circular smooth muscle differentiates [5], 
which occurs at slightly different timepoints in 
the different parts of the gut: E5 (E13.5 in mice) 
in the midgut, E6 (E14.5 in mice) in the hindgut, 
E9 (E16.5  in mice) in the cecal appendix. We 
have provided evidence [4] that motility at this 
early stage boils down to calcium waves that 
propagate across the circular smooth muscle 
layer. Enoxolone and heptanol halt propagation 
of these waves, showing the implication of gap 
junctions in the propagation mechanism; remov-
ing calcium from the medium totally halts motil-
ity; general Ca2+ channel blockers like CoCl2 
strongly perturb motility, as do nicardipine [15] 
and nifedipine [19], demonstrating the need for 
L-type channels for these early contractile events. 
W/Wν mice lacking ICCs display essentially the 
same motility as wild-type mice in the period 

E13.5–E16.5, indicating that ICCs are not neces-
sary to trigger calcium waves at this stage [19]. 
Early mesenchymal cells of the gut thus appear to 
present both contractile and self-initiating depo-
larization properties; these two roles will eventu-
ally be partitioned to smooth muscle and ICC 
cells respectively, as they differentiate. We have 
provided the first videos of calcium wave propa-
gation across the early gut smooth musculature 
by working on living transverse gut sections 
(Fig.  10.1a, b), so that the calcium indicator 
Fluo4-AM could more readily penetrate inside 
the smooth muscle cells. The longitudinal propa-
gation of the calcium waves in embryonic chicken 
gut has recently been beautifully imaged by elec-
troporating the smooth muscle with a  GCamp- type 
calcium indicator [14]. IRM performed on human 
embryos fixed immediately after abortion shows 
undulations of the GI tract [23] at 6–9  weeks, 
which are most probably frozen-in, spontaneous 
contraction waves as seen in model animal spe-
cies. Importantly, we found that the calcium 
waves can be stimulated mechanically, by apply-
ing local pressure with a pipette (pinching): this 
gives rise to two contractile waves traveling in 
opposite directions, from the point where pres-
sure was applied (Fig. 10.1c). As we will see, this 
behavior is an immature (because unpolarized) 
form of the “law of the intestine” formulated by 
Bayliss and Starling [1], also called the baromet-
ric or peristaltic reflex.

10.2  Early Smooth Muscle 
Contractility Is Essential 
for Anisotropic Longitudinal 
Growth of the Gut

Calcium waves spontaneously circulate in the 
smooth muscle syncytium from E6 through E12 
without significant qualitative change. Their 
speed gradually increases (from ~10 to 50 μm/s), 
as does their frequency (0.2  cpm/day) and the 
amplitude of the contractions they give rise to 
(from 2 to ~25% diameter decrease). We won-
dered whether these contractile waves had any 
functional role, because they do, after all, repre-
sent a significant energy expenditure for the 

N. R. Chevalier



107

Fig. 10.1 Smooth muscle calcium waves and myogenic 
reflex in the early embryonic gut. (a) Transverse 1-mm- 
thick slice preparation of E9 chick hindgut still presents 
cyclic, lumen-obliterating contractions. (b) This trans-
verse slice preparation can be used to ease Fluo4-AM cal-
cium indicator penetration inside the smooth musculature, 

revealing propagating circumferential calcium waves 
(dashed arrows) that precede the contraction (c). (d) 
Mechanosensitivity in the early gut is characterized by the 
generation of two contractile calcium waves that propa-
gate away from the point where pressure is applied (pinch-
ing with a pipette)

embryo. My colleague Sandrine Faure (INSERM, 
Montpellier) suggested that the mostly rostro- 
caudal propagation in the proximal gut and 
caudo-rostral propagation in the hind and distal 
guts [5] could retain bile and other intestinal 
secretions in the lumen of the central portion of 
the gut, preventing them from leaking out into the 
amniotic bag. Recently, we have found that the 
tonic and phasic contractility of the circular 
smooth muscle belt plays a major role in shaping 
the developing GI tract. Adolphe Bloch recog-
nized in his 1904 manuscript on gut morphomet-
rics across species that the dimensions of the 
intestine vary significantly depending on its con-
tractile state [3]. We have developed software to 
accurately determine gut length, diameter, and 
volume and found that an active E10 gut is 30% 
longer and has ~25% smaller diameter than the 
same gut in which contractions have been relaxed 

after blocking Ca2+ channels [15]. This happens 
because the contracted circular muscle belt 
squeezes the tissue of the whole intestine along 
the only direction it is free to deform along—its 
length (Fig.  10.2c). Could the repeated, 
 accumulated deformation resulting from smooth 
muscle activity during early embryonic develop-
ment lead to irreversible, plastic, longitudinal 
deformation of the proliferating organ, that is, 
longitudinal growth? We first found that provid-
ing extra oxygen by continuous carbogen bub-
bling could partially resume intestinal growth in 
culture (60% lengthening and mass increase in 
2 days, Fig. 10.2b). We also showed that continu-
ous longitudinal stretch that mimicked in  vivo 
tension applied on the early gut loop by the vitel-
line duct could also induce growth (Fig. 10.2a). 
To our knowledge, these are the first rigorous 
demonstrations that guts can be grown in vitro; 
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Fig. 10.2 Mechanical forces direct embryonic gut 
growth. (a) A constant stretching force (small weight) 
mimicking the mechanical tension of the vitelline duct on 
an E8 gut induces growth. (b) Culturing guts in a carbo-
gen atmosphere (95% O2, 5% CO2) induces elongational 
growth that is due to circular smooth muscle contractions, 
as inhibiting the latter with a longitudinal cut or nicardip-

ine results in isotropic growth (i.e., equal thickening and 
lengthening). (c) Schematic of the mechanical deforma-
tions coupled to proliferation that result in longitudinal 
growth. The mechanism is akin to longitudinal inflation of 
a rubber balloon reinforced along the circumferential 
direction longitudinal, or to extrusion of paste from a tube

culture on porous membrane had been advocated 
previously [10], but in our experience, flattening 
of the gut due to meniscus pressure in this setup 
can confound the actual volume increase of the 
organ; moreover, controlling the contractile state 
is essential when assessing morphometric param-
eters as smooth muscle contractions can induce 
very high (~100%), purely elastic deformations, 
that do not necessarily mean growth per se. We 
found that halting motility (tone and phasic con-
tractions) with nicardipine changed the growth 
pattern from elongation to radial growth, that is, 
the gut got thicker; preventing the “self- 
squeezing” effect by cutting one of the gut wall 
had the same effect. Longitudinal smooth muscle 
differentiation at E13 and the resulting contrac-
tions along this direction have the opposite effect: 
they temporarily slow down elongation and favor 
an increase in diameter. The high-aspect ratio of 
the intestine (7 m in the human adult, only a few 
cm in diameter) is therefore a direct consequence 
of the early contractile forces that are exerted by 
the spontaneously contracting smooth muscle 
layers [15]. The intestine is “sculpted” by smooth 
muscle forces, a fact that had already been appre-
ciated for villi formation of the epithelium [8, 21] 
or for branching alveola in the developing lung 
[17]. Our study suggests a potential causal link 

between dysmotility and abnormal growth in 
Short Bowel Syndrome [24]. Recently, the same 
smooth-muscle contraction-induced growth 
mechanism has been demonstrated [25] by the 
group of K. Mostov in the mouse gut and shown 
to be mediated by the mechanosensitive YAP 
pathway.

10.3  The Interstitial Cell of Cajal 
Transition

A sharp increase of contractile wave speed (from 
25 to 125  μm/s) takes place between E12 and 
E14. Comparing spatiotemporal maps at these 
two stages shows obvious differences, with irreg-
ular and spaced-out contractions at E12, that gain 
a clock-like regularity at E14 (Fig.  10.3a). We 
recently showed that this transition is the result of 
the functional implication of the interstitial cells 
of Cajal [7]. ICCs are present early on in devel-
opment: TMEM-16A is expressed in the whole 
intestine at E7, c-KIT at E9 (E14.5 in the mouse 
[19]). However, similarly to enteric nerves, ICCs 
are not functionally active until later in develop-
ment. We showed that the first distinct calcium 
transients in Cajal cells can only be recorded as 
from E14 (Fig. 10.3b), and that imatinib, a known 
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Fig. 10.3 A transition to ICC driven motility occurs 
between E12 and E14. (a) Contractions at E14 become 
rhythmic, with prolonged periods of propagation in the 
same direction. (b) Fluo4-AM confocal image of E14 

duodenum, the bright cells are MP-ICCs that exhibit 
rhythmic, nicardipine-resistant electrical activity starting 
at E14

blocker of the c-kit receptor present at the surface 
of Cajal cells, degrades the ICC network and 
inhibits the physiological transition to ICC- 
driven motility between E12 and E14. The gut 
therefore undergoes a transition from myogenic 
to ICC-driven waves during development; apply-
ing the day-week equivalence between chicken 
and humans predicts that this transition occurs in 
the human embryo to around 12–14  weeks of 
development. A similar “ICC transition” should 
occur in mice around E18.5, time around which 
the first slow waves have been recorded [2, 19].

10.4  Early Enteric Nervous System 
Activity

The first influence of the enteric nervous system 
on motility occurs at E16, shortly after longitudi-
nal muscle smooth muscle differentiation (E13) 
and after the first longitudinal contractions can be 
recorded (at E14). This order of events is com-
mon to all model species examined so far. At 
E16, the ENS forms two distinct interconnected 
plexuses and neurites extend from ganglia to 
innervate the smooth muscle layer as well as the 
epithelial villi (Fig.  10.4a). Pharmacological 
inhibition shows that the first active neurons of 
the ENS in the chicken are nitrinergic, they relax 
the circular smooth muscle; upon application of 
tetrodotoxin or NOLA, the tone of the circular 
muscle layer strongly increases, revealing this 
inhibitory, NO-mediated effect [6]. This neural 
inhibition is mechanosensitive and descending 

(Fig. 10.4c): when an E16 duodenum is pinched 
(local pressure application), the area 1–2 mm dis-
tal to the point where pressure was applied 
becomes “numb,” that is, it does not present cir-
cular contractility anymore. Calcium waves 
travel through this numbed region but do not trig-
ger a contraction. Applying tetrodotoxin reverts 
the reaction to pinching to what it was at earlier 
myogenic stages: two-waves traveling symmetri-
cally away from the point of pinching. This 
reveals the embryonic make-up of the “law of the 
intestine”: the myogenic reflex is responsible for 
a symmetric (ascending and descending) contrac-
tion (wave propagation), half of which is inhib-
ited by neural circuitry (descending inhibition). 
The neural asymmetry is likely caused by rostro- 
caudally projecting neurons, a topological fea-
ture, which we speculate could be traced back to 
the rostro-caudal migration of neural crest cells 
along the gut tract.

At E14, when neurons are not yet active, cir-
cular and longitudinal contractions occur inde-
pendently, each with its own distinct frequency 
(3 cpm for circular contractions, 0.5 cpm for lon-
gitudinal contractions). In contrast, at E16, when 
neurons and glia become active, a distinct corre-
lation of longitudinal and circular contractions 
can be measured: circular contraction amplitude 
is notably less important during longitudinal con-
tractions, so that the two muscle layers start 
working antagonistically. This antagonism is 
neurally driven as it vanishes in the presence of 
TTX. When this antagonism occurs locally, that 
is, when the longitudinal contraction only spans a 

10 Embryonic Development of Motility: Lessons from the Chicken
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Fig. 10.4 Neurogenic motility. (a) Tuj1 immunohisto-
chemistry of a transparized E16 duodenum, the first stage 
at which neurogenic motility events can be detected. (b) 
Tetrodotoxin-sensitive migrating motor complexes (white 
diagonal streaks pointed at with blue arrowheads) can be 
detected on a background of higher-frequency myogenic 
waves. (c) The descending inhibition—ascending con-

traction reflex appears at this neurogenic stage: two myo-
genic waves are generated after mechanical stimulation 
(see Fig.  10.1c), but the descending one is inhibited by 
neural nitrinergic input. This reveals the embryonic 
makeup of the “law of the intestine” described by Bayliss 
and Starling

finite length of the gut segment, it gives rise to a 
new wave propagation pattern, the migrating 
motor complex (MMC). MMCs are clearly neu-
rogenic as they are abolished by tetrodotoxin 
(Fig. 10.4b). We found that the MMCs are initi-
ated by longitudinal contractions, as they have 
exactly the same frequency as the cyclic longitu-
dinal contractions. The local longitudinal con-
traction is able to trigger the same descending 
inhibition of the circular muscle as upon pinch-
ing. However, unlike with local pressure applica-
tion, the MMC propagates, at a low velocity 
(40 μm/s), in the rostro-caudal direction. It is in 
fact the first rostro-caudally directed motor pat-
tern in the developing embryo. This propagation 
may either result from electrotonic propagation 
of the longitudinal contraction (e.g., through gap 
junctions), or from a phenomenon where the 
pressure exerted by the liquid bolus accumulated 
in the lumen at the site of the MMC becomes the 
mechanical trigger for further descending neural 
inhibition: the properties of the MMC would then 
be dependent on the displacement and flow prop-

erties of the bolus itself. This possibility is called 
the neuromechanical loop and has received con-
firmation in adult gut motility studies in recent 
years [9]. Based on our observations, we there-
fore suggest the following definition of an MMC: 
a local, descending inhibitory signal propagating 
along the intestine, which can be stimulated by 
cyclic contractions of the longitudinal muscle 
layer [6]. It remains to be elucidated whether this 
definition holds in other species as well.

10.5  Outlook

We have outlined how intestinal motility evolved 
from simple, purely circular smooth muscle–
driven calcium waves, to ICC-driven waves. 
Soon after the longitudinal layer differentiates, 
the enteric nervous system becomes active by 
coupling the longitudinal and circular contrac-
tions: this coupling is mechanosensitive, inhibi-
tory, descending, and gives rise to 
circular-longitudinal antagonism and to the 

N. R. Chevalier



111

migrating motor complex. What happens 
beyond this neurally mediated migrating motor 
complex, at E16 and later? When can motility 
be considered “functional”? What about cholin-
ergic neurons? What mechanical triggers acti-
vate the ENS? Many questions remain to be 
elucidated, which we shall tackle in the forth-
coming years.
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11Activation of ENS Circuits in Mouse 
Colon: Coordination in the Mouse 
Colonic Motor Complex 
as a Robust, Distributed Control 
System

Bradley B. Barth, Nick J. Spencer, 
and Warren M. Grill

Abstract

The characteristic motor patterns of the colon 
are coordinated by the enteric nervous system 
(ENS) and involve enterochromaffin (EC) 
cells, enteric glia, smooth muscle fibers, and 
interstitial cells. While the fundamental con-
trol mechanisms of colonic motor patterns are 
understood, greater complexity in the circuitry 
underlying motor patterns has been revealed 
by recent advances in the field. We review 
these recent advances and new findings from 
our laboratories that provide insights into how 
the ENS coordinates motor patterns in the iso-
lated mouse colon. We contextualize these 
observations by describing the neuromuscular 
system underling the colonic motor complex 
(CMC) as a robust, distributed control system. 
Framing the colonic motor complex as a con-
trol system reveals a new perspective on the 
coordinated motor patterns in the colon. We 
test the control system by applying electrical 
stimulation in the isolated mouse colon to dis-

rupt the coordination and propagation of the 
colonic motor complex.

Keywords

Enteric nervous system · Colonic migrating 
motor complex · Control system · Enteric 
circuitry

11.1  Introduction

A variety of propulsive and nonpropulsive neuro-
genic motor patterns have been identified in the 
large intestine of vertebrates [48]. The character-
istics of these different patterns of activity can be 
modulated by external stimuli, such as mechani-
cal compression or distension, endogenous circu-
lating hormones, and neurotransmitters released 
from intrinsic or extrinsic nerves. Two of the 
most commonly described neurogenic motor pat-
terns in the colon are peristalsis and colonic 
motor complexes. Our understanding of the fun-
damental intrinsic control mechanisms that 
underlie the generation of neurogenic peristalsis 
and motor complexes is conceptual; distension 
initiates a polarized neural reflex of ascending 
excitation and descending inhibition in the 
smooth muscle. Recently, electrophysiology, 
spatiotemporal diameter mapping, and calcium 
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imaging in the isolated whole mouse colon 
revealed great complexity in motor complex ini-
tiation and propagation (Fig. 11.1). This chapter 
reviews some of the recent advances in this field 
and some novel findings from our laboratories 
that provide new insights into how the ENS coor-
dinates the colonic motor complex in the isolated 
mouse colon are presented. We discuss historical 
approaches for evoking and studying the colonic 
motor complex, the current understanding under-
lying network synchronization and coordination 

of the motor complex, and the effect of disrupting 
the coordinated onset of the motor complex with 
nonphysiological stimulation. Our findings sug-
gest that the neuromuscular system underlying 
the colonic motor complex can be described as a 
robust, distributed control system.

For clarity and consistency, the terminologies 
for motor patterns used in this work are as fol-
lows: colonic motor complex (CMC) refers to a 
coordinated period of smooth muscle contraction 
that is dependent upon the ENS and can propa-

Fig. 11.1 Anatomical representation of the neuromus-
cular system as a robust, distributed control system. 
Abbreviations: enterochromaffin cell (ECC), intrinsic 
primary afferent neuron (IPAN), cholinergic ascending 
interneuron (AIN), nitrergic descending interneuron 
(NOS-IN), serotonergic descending interneuron (5HT- 
IN), circular muscle inhibitory motor neuron 
(CM-IMN), circular muscle excitatory motor neuron 
(CM-EMN), longitudinal muscle inhibitory motor neu-

ron (LM-IMN), longitudinal muscle excitatory motor 
neuron (LM-EMN), circular intramuscular interstitial 
cell of Cajal (ICC-ICM), longitudinal intramuscular 
interstitial cell of Cajal (ICC- ILM), myenteric intersti-
tial cell of Cajal (ICC-MY), submucosal interstitial cell 
of Cajal (ICC-SM), platelet-derived growth factor 
receptor alpha-positive (PDGFRα+) cell, circular 
smooth muscle cell (CM-SMC), and longitudinal 
smooth muscle cell (LM-SMC)
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gate in both anterograde and retrograde direc-
tions [11]. CMCs are typically measured by force 
transducers or intraluminal pressure sensors. The 
myoelectric complex refers to the electrical cor-
ollary of the CMC and is often associated with 
muscle action potentials detected by intracellular 
or extracellular electrodes. Traditionally, the 
colonic migrating motor complex had been 
defined as an event that propagates over at least 
half the length of the colon [40], either in the oral 
or aboral direction. However, we now know that 
the mechanisms that generate CMCs that propa-
gate over less than half the length of colon are not 
different from those that propagate over the full 
length of colon [23]. Contraction wavefront 
refers to the leading edge of a contraction, propa-
gating orally or aborally, and is typically identi-
fied by a banded decrease in colon diameter or an 
increase in intraluminal pressure.

11.2  History of Evoked Colonic 
Migrating Motor Complexes

A variety of stimuli can elicit a premature colonic 
motor complex. For example, mechanical com-
pression of the colon is a reliable stimulus 
responsible for initiating a colonic motor com-
plex. However, the means by which mechanical 
deformation initiates neurogenic peristalsis is 
contested, and can include involvement from 
enterochromaffin cells [19, 28], mechanosensi-
tive enteric neurons [44, 54], and the smooth 
muscle cell – interstitial cell of Cajal – PDGFRα+ 
cell (SIP) syncytium [15, 24, 31]. As such, a 
number of methods have been used to initiate 
motor complexes, including physical stimuli 
such as dynamic or constant distension and 
brushing or stimulating the mucosa. Originally, it 
was postulated that 5-HT release from the mucosa 
was critical for CMCs to occur, based on the find-
ing that removing the mucosa abolished CMCs 
[19]. However, subsequent studies that carefully 
removed the mucosa found that CMCs persisted 
without the mucosa. Only then was it realized 
that too vigorous dissection to remove the mucosa 
can destroy the intricate neural pathways under-
lying CMCs [27]. As the mechanisms and down-

stream effects of mucosal stimulation are difficult 
to isolate and distinguish [20], we will focus on 
distension-evoked motor complexes. Fluid dis-
tension is perhaps the most reliable method to 
evoke a migrating motor complex or neurogenic 
peristalsis in the colon. It has been demonstrated 
across multiple species, including mice, rats, 
guinea pigs, and rabbits [12, 16]. Rapid fluid dis-
tension most frequently evokes a characteristic 
“all-or-none” type of CMC, and these were 
referred to as long-distance contractions [9]. 
Rapid distension of the entire length of colon 
engages a coordinated response in which the 
motor complex propagates the entire length, typi-
cally in the aboral direction.

Alternatively, maintained distension in the 
colon evokes repetitive complexes referred to as 
cyclical motor complexes. Previously, these pat-
terns were described as “spontaneous” motor 
complexes [16]. However, it is now known that 
CMCs are highly sensitive to mechanical disten-
sion. For example, in unstimulated colon prepa-
rations, CMCs rarely occur, and if they do, they 
occur at a low frequency. The tissue hooks that 
were commonly used to measure the force of 
contraction from the colon themselves potently 
increase CMC frequency. Mounting the colon 
from tissue hooks in organ baths typically applies 
1–20 mN of tension, and may sufficiently stretch 
the colon to the point of mechanical activation 
[16]. In the isolated mouse colon with endoge-
nous fecal pellets, CMCs occur approximately 
every 30 seconds, when tissue hooks were applied 
to the same preparation, CMCs readily occurred 
approximately every 2 minutes [3], similar to the 
spontaneous events reported by others [16], 
whereas in the unstimulated colon, they occur 
only approximately once every 5.5  minutes. 
Nevertheless, maintained distension is now well 
accepted as a potent stimulus to generate reliably 
cyclical motor complexes.

In addition to physical stimuli, electrical and 
optogenetic stimulation techniques have been 
used to initiate migrating motor complexes. For 
example, transmural electrical stimulation deliv-
ered to the proximal, mid, or distal colon evoked 
premature complexes in a stretched isolated 
colon with cyclical motor complexes endoge-
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nously occurring at 0.4 events per minute [46]. 
Interestingly, complexes evoked in the proximal 
colon failed to migrate.

More recently, optogenetic stimulation was 
used to evoke motor complexes in the whole 
colon isolated from transgenic mice. Hibberd and 
colleagues used mice expressing channelrhodop-
sin via a calb2 promoter and Cre-recombinase to 
activate selectively calretinin-positive neurons in 
the mouse colon. In isolated whole transgenic 
mouse colon, focal optogenetic activation of 
calretinin- expressing neurons evoked myoelec-
tric complexes [22]. The evoked myoelectric 
activity increased endogenous fecal pellet output 
in the isolated preparation. Importantly, Hibberd 
and colleagues went on to replicate the in vitro 
observations and observed increased fecal pellet 
output with in vivo optogenetic stimulation in 
freely moving mice transgenic mice.

11.3  Coordination in the Colonic 
Migrating Motor Complex

11.3.1  Subthreshold Rapid 
Oscillations in the Smooth 
Muscle

Subthreshold rapid oscillations in colonic smooth 
muscle are observed in a number of species, 
including mice, cats, and humans [10, 38, 53]. 
The frequency of the oscillations is reportedly 
much faster than slow waves, on the order of 
1.5–2 Hz. In mice, these rapid oscillations were 
found to be neural in origin as they were blocked 
by atropine or hexamethonium [8]. Clearly, the 
mechanism underlying their generation was dis-
tinct from that of canonical myogenic electrical 
slow waves. More recent studies have demon-
strated that the cholinergic rapid oscillations rep-
resent a series of repetitive excitatory junction 
potentials, generated by coordinated temporal 
 firing of a large ensemble of cholinergic motor 
neurons [50].

The rapid oscillations are often most promi-
nent during the onset of a myoelectric complex 
underlying the CMC, and the action potentials of 
the motor complex occur during the peak of the 

oscillations. Intracellular recordings revealed 
that rapid oscillations have greater amplitude 
during the onset of the slow depolarization asso-
ciated with a myoelectric complex than during 
the repolarization phase [8].

11.3.2  Myenteric Potential 
Oscillations and the Role 
of Interstitial Cells

In addition to the neurogenic cholinergic rapid 
oscillations, rapid oscillations initially described 
in the canine colon occur at 20–40  cycles per 
minute [43]. Termed myenteric potential oscilla-
tions, these oscillations appear similar to the neu-
rogenic rapid oscillations described by Bywater 
et  al. [8]. While the source of the myenteric 
potential oscillation is thought to be generated by 
myenteric interstitial cells of Cajal, the underly-
ing mechanisms are unclear, and the myenteric 
potential oscillation may originate intrinsically 
from the interstitial cells of Cajal, be mediated by 
a smooth muscle fiber mechanism, or be driven 
by excitatory motor neurons [24].

To identify the role of myenteric interstitial 
cells of Cajal in rapid oscillations, Bayguinov 
et al. [6] recorded intracellular calcium transients 
via fluo-4 calcium indicator in c-Kit-positive 
myenteric interstitial cells of Cajal. In the pres-
ence of tetrodotoxin, calcium waves occurred at 
38.1 ± 2.9 cycles per minute, consistent with the 
frequency of myenteric potential oscillations [6]. 
However, in the absence of tetrodotoxin, during a 
colonic migrating motor complex, intracellular 
calcium waves in the myenteric interstitial cells 
of Cajal increased in frequency to 62.9 ± 1.4 cycles 
per minute. Calcium transients in the myenteric 
interstitial cells of Cajal endogenously occur 
between 20 and 40  cycles per minute, but they 
increase in frequency during motor complexes by 
tetrodotoxin-sensitive mechanisms. In this same 
preparation, myenteric neurons that had taken up 
fluo-4 increased their firing during the motor 
complex, with calcium transients occurring at 
2.06 ± 0.09 Hz in nerve varicosities, consistent 
with the frequency of rapid oscillations in the 
smooth muscle reported by Bywater et  al. [8]. 
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Cholinergic rapid oscillations are potently abol-
ished by hexamethonium [8]. Hence, it is clear 
that fast nicotinic synaptic inputs in large popula-
tions of enteric cholinergic neurons are essential 
for the rapid oscillations to occur. This was later 
confirmed by neuronal imaging of the ENS dur-
ing cholinergic rapid oscillations underlying each 
CMC [50]. Together, these data suggest myen-
teric neurons directly drive cholinergic rapid 
oscillations in the smooth muscle and possibly 
indirectly drive myenteric potential oscillations 
by increasing the frequency of myogenic calcium 
transients in the myenteric interstitial cells of 
Cajal (ICC-MY). However, it is important to 
acknowledge that in mutant mice deficient in 
ICC-MY and lacking slow waves, migrating 
motor complexes still occur and propagate along 
the intestine [52]. At present, the role of ICC-MY 
and slow waves in the mouse colon remains 
unclear.

11.3.3  Enteric Neuron 
Synchronization During 
Motor Complex Initiation

Although myoelectric complexes do not usually 
occur simultaneously along the length of the 
colon, subthreshold rapid oscillations in smooth 
muscle can synchronize in time over large spatial 
distances [49]. During simultaneous intracellular 
recordings from multiple smooth muscle fibers, 
inhibitory junction potentials and neurogenic 
cholinergic rapid oscillations synchronized dur-
ing the colonic migrating motor complex [49]. 
The junction potentials were not synchronized 
during the interval between complexes, suggest-
ing that their temporal synchronization during 
the CMC was not due to electrotonic coupling in 
the syncytium alone.

Although blocking cholinergic transmission 
with hyoscine occludes the cholinergic rapid 
oscillations, activating cholinergic receptors 
alone is not sufficient to drive rapid oscillations. 
If acetylcholine were to serve as a gate or switch 
to enable a pattern mediated by interstitial cells 
of Cajal, then reapplying cholinergic agonists in 
the presence of hyoscine would rescue the cho-

linergic oscillations. However, applying carba-
chol, a muscarinic agonist, in the presence of 
hyoscine, does not rescue cholinergic rapid oscil-
lations [32], suggesting that prolonged exposure 
of the muscle to a muscarinic agonist was not the 
underlying cause of the rapid oscillations. 
Clearly, the repetitive, pulsatile release of acetyl-
choline from intrinsic motor neurons is funda-
mental to the cholinergic rapid oscillations.

During simultaneous intracellular recordings 
from smooth muscle cells, synchronized cholin-
ergic oscillations occurred in smooth muscle 
cells 15 mm apart from one another [49]. Enteric 
motor neuron projections reach up to 3–5 mm in 
the mouse, suggesting that the synchronization 
likely relies on interneurons [49]. Calcium imag-
ing in multiple myenteric neurons simultane-
ously revealed increased firing rates in individual 
neurons and their varicosities, supporting a role 
for interneurons in coordinating cholinergic 
oscillations via motor neurons [5, 6]. Evaluating 
the calcium transients in populations of choliner-
gic and nitrergic myenteric neurons revealed syn-
chronization periods during the onset of the 
colonic migrating motor complex [50]. These 
observations suggest a coordinating role for 
interneurons that drive excitatory and inhibitory 
motor neurons in synchrony over large spatial 
distances in the colon, and that this manifests as 
cholinergic rapid oscillations in the smooth mus-
cle and increased calcium transient frequency in 
myenteric interstitial cells of Cajal.

11.3.4  Coordination in a Robust, 
Distributed Control System

The colonic migrating motor complex invokes a 
hardwired coordination from a heterogenous net-
work. The heterogenous network acts as a robust, 
distributed control system to respond to stochas-
tic inputs, such as distension, stretch, or luminal 
content, and generate an output motor function, 
such as propulsion or segmentation (Fig. 11.2).

In the robust, distributed control system, the 
transducer is the enterochromaffin cells, which 
respond to mucosal stimulation, including physi-
cal and nutritional stimuli [7]. Enterochromaffin 
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Fig. 11.2 Block model of the neuromuscular system as a 
robust, distributed control system. Black arrows indicate 
primary pathways, and gray arrows indicate secondary 
pathways. Abbreviations: intrinsic primary afferent neu-
ron (IPAN), cholinergic ascending interneurons (AIN), 
serotonergic (5HT-IN) or nitrergic (NOS-IN) descending 
interneurons (DIN), excitatory (EMN) and inhibitory 
motor neurons (IMN), longitudinal muscle excitatory 
motor neuron (LM-EMN), longitudinal muscle inhibitory 
motor neuron (LM-IMN), circular muscle excitatory 

motor neuron (CM-EMN), circular muscle inhibitory 
motor neuron (CM-IMN), intramuscular interstitial cells 
of Cajal (ICC-IM), longitudinal intramuscular interstitial 
cell of Cajal (ICC-ILM), circular intramuscular interstitial 
cell of Cajal (ICC-ICM), interstitial cells of Cajal in the 
myenteric plexus (ICC-MY) and submucosal plexus 
(ICC-SM), platelet-derived growth factor receptor alpha- 
positive (PDGFRα+) cell, longitudinal muscle cells (LM), 
and circular muscle cells (CM)

cells are also sensitive to stretch (more sensitive 
than mechanosensitive enteric neurons), and they 
release serotonin to activate the controller 
through intrinsic primary afferent neurons [2]. 
The controller is comprised of, in addition to 
intrinsic primary afferent neurons, cholinergic 
ascending interneurons, serotonergic descending 
interneurons, nitrergic descending interneurons, 
excitatory and inhibitory motor neurons, and 
enteric glial cells. The controller outputs from 
motor neurons and serotonergic descending 
“command” interneurons, acting on interstitial 
cells to modulate their intrinsic frequency and on 
smooth muscle cells [37].

In this model, PDGFRα+ cells and interstitial 
cells of Cajal receive input from the controller to 
modulate myoelectric rhythms. Submucosal and 
intramuscular interstitial cells of Cajal are dis-
tinct pacemakers that generate independent elec-

trical rhythmicity [25, 43]. The myenteric 
interstitial cells of Cajal are directly modulated 
by motor neurons and serotonergic descending 
interneurons [6, 18]. Collectively, the SIP syncy-
tium maintains intrinsic, myogenic rhythms with 
frequency modulation by enteric neurons and 
mechanical deformation. The frequency modula-
tion enables dynamic frequency patterns in the 
smooth muscle as observed in Bayguinov et al. 
[6]. Please note that the previous notion of a sero-
tonergic “command” neuron in the mouse ENS 
as a driver of CMC activity is tenuous, based on 
more recent studies, since depletion of 5-HT 
from enteric neurons in mouse colon has little to 
no effect on CMC activity [51].

Distribution within the control system is pro-
vided primarily at the level of the controller 
through interneurons, which have projections 
that reach up to 15 mm in the mouse colon [30, 
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49]. Subpopulations of interneurons, including 
cholinergic ascending interneurons, and descend-
ing interneurons, form individual chains that dis-
tribute polarized responses and coordinate 
activity over large spatial distances. In addition, 
the control system is distributed over shorter dis-
tances. Intrinsic primary afferent neurons have 
overlapping receptive fields and form local net-
works with other intrinsic primary afferent neu-
rons spanning roughly 3 mm [29]. Indeed, in the 
guinea pig small intestine, approximately five 
intrinsic primary afferent neurons innervate a 
common intestinal villus and ten intestinal villi 
are innervated by a common intrinsic primary 
afferent neuron [45]. Further, smooth muscle 
cells, interstitial cells of Cajal, and PDGFRα+ 
cells are electrically coupled in a spatially 
extended syncytium [39]. The multiple scales of 
distribution in the control system enable indepen-
dent global and local coordination.

The robust, distributed controller incorporates 
redundant mechanisms for mechanosensation via 
intrinsic primary afferent neurons, interneurons, 
motor neurons, and interstitial cells of Cajal [1, 
33]. This redundancy enables error calculation 
and a robust response to stochastic inputs by 
incorporating a neuromuscular feedback signal 
from smooth muscle cell contractions distinct 
from tensile or distension signals [41]. This 
model provides a mechanism consistent with the 
neuromechanical loop hypothesis as well as 
myogenic bursting activity [13, 14, 21].

11.4  Perturbing the Control 
System and the Colonic 
Migrating Motor Complex

11.4.1  Initiating a Colonic Migrating 
Motor Complex by 
Nonphysiological Stimulation

One of the primary physiological stimuli to 
induce or initiate colonic motor patterns is 
 luminal distension, which can be detected by 
enterochromaffin cells or enteric neurons directly. 
Recent studies suggest enterochromaffin (EC) 
cells act on extrinsic vagal afferent endings in the 

mucosa [26]. It is likely that many classes of 
enteric neurons are mechanosensitive and can 
initiate CMCs in response to circumferential 
stretch [1, 33, 54]. Indeed, the non–EC cell medi-
ated mechanisms for initiating a motor complex 
are consistent with the model of a robust or 
redundant, distributed control system model.

Although electrical stimulation has been 
widely used to evoke premature motor complexes 
in the intact colon, it is unclear which cells need 
to be activated by electrical stimulation to initiate 
a CMC. Heredia et  al. [19] demonstrated that 
electrical stimulation continued to evoke colonic 
migrating motor complexes even after removing 
the mucosa to abolish spontaneous motor com-
plexes [19], suggesting enterochromaffin cells 
are not the necessary target of electrical stimula-
tion. Smith and Koh [42] suggest a key role for 
serotonergic descending interneurons; however, 
their postulate would be better supported with 
cell-specific pharmacological blockade or opto-
genetic stimulation or inhibition during electrical 
stimulation. A remaining concern with the pro-
posed role for serotonergic interneurons in CMC 
generation and/or propagation is the lack of evi-
dence of serotonin as a neurotransmitter in the 
ENS of the mouse colon. The two detailed intra-
cellular electrophysiological studies from myen-
teric neurons in the mouse colon only found 
evidence of acetylcholine as the major excitatory 
fast neurotransmitter [17, 36].

11.4.2  Disrupting Coordination 
in the Colonic Migrating 
Motor Complex

In the model of a robust, distributed control sys-
tem, interneurons coordinate synchronization at 
the level of the controller and the frequency mod-
ulator. The interneurons are thought to be respon-
sible for synchronizing increased firing rates in 
other interneurons and motor neurons [42, 50]. 
Here, we address the question of how the charac-
teristics of CMC generation and propagation are 
altered when the ENS circuits downstream, in the 
mid colon, are perturbed. We seek to understand 
whether long descending and/or ascending path-
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ways contribute to the circuits in the CMC wave-
front that underlies the CMC contraction.

In our recent experiments, we investigated the 
effects of delivering electrical nerve stimulation 
(400 μs, 50 V, 20 Hz bipolar stimulation) along 
the mouse colon to determine effects on ENS 
activity that underlies cholinergic rapid oscilla-
tions. We delivered a repetitive train of electrical 
pulses for 5 seconds in the mid colon in isolated 
whole mouse colon preparations [4]. The stimu-
lus was delivered when cholinergic rapid oscilla-
tions were first detected in the proximal colon, as 
harbingers of a CMC evoked by fluid distension. 
Cholinergic rapid oscillations and myoelectric 
complexes were detected by extracellular suction 
electrodes, and propagation was confirmed via 
spatiotemporal diameter mapping. Delivering the 
stimulus to disrupt the rapid oscillations did not 
block, delay, or observably alter the myoelectric 
complex or contraction wavefront propagation 
(Fig. 11.3a, b).

However, when brief trains of electrical pulses 
were delivered with a slight delay, the contraction 
wavefront propagation was temporarily halted or 
delayed for the duration of the stimulus 
(Fig. 11.3c, d). Across repeated trials, it became 
clear that the timing was essential to delay suc-
cessfully contraction propagation. Interfering 
electrical stimulation delivered to the site of con-
traction as the contraction wavefront arrived 
robustly halted the contraction wavefront. When 
the stimulus was terminated, the contraction 
wavefront proceeded as if it had not been pre-
vented or perturbed, sometimes with an increased 
contraction velocity after stimulation compared 
to before stimulation. We hypothesize the inter-
fering electrical stimulation activates chains or 
assemblies of excitatory cholinergic interneurons 
that feed into inhibitory motor neurons or nitrer-
gic interneurons that prevent contraction at the 
site of the stimulation electrode, because the 
interfering electrical stimulation did not appear 
to drive novel contraction sites. Incorporating 
pharmacological compounds to the assay will be 
necessary to confirm or refute this potential 
mechanism.

Temporarily halting a contraction wavefront 
by delivering interfering brief trains of electrical 

pulses occurs by disrupting the robust, distrib-
uted control system. Activating the controller at 
precisely the right time effectively causes 
destructive interference in the frequency modula-
tor and actuator, hence the temporary delay in 
propagation. This model explains the importance 
of the time and location of the electrical stimula-
tion to interfere with a migrating motor complex. 
Interpreting the neuro-neuronal and neuro- 
muscular apparatus as a robust, distributed con-
trol system offers new insights into the 
mechanisms underlying CMC initiation, coordi-
nation, and propagation.

11.5  Concluding Remarks

We discussed the coordinating events underlying 
the motor complex in the isolated mouse colon, 
including historical approaches for evoking and 
studying the motor complex, as well as underly-
ing network synchronization. We proposed that 
the neuromuscular system underlying the coordi-
nation and onset of the CMC can be described as 
a robust, distributed control system. The model 
offers a means to describe frequency modulation 
and tuning in myenteric potential oscillations and 
cholinergic rapid oscillations. It includes mecha-
nisms for primary signal transducers through the 
mucosa and enterochromaffin cells, and it 
includes secondary sensor systems for feedback 
control and error detection via mechanosensation 
in enteric neurons, smooth muscle cells, and 
interstitial cells. The model incorporates seroto-
nergic descending interneurons with possible 
“command” roles as described by Smith and col-
leagues [37, 42], and a potential role for disinhi-
bition of smooth muscle cells by presynaptic 
inhibition of inhibitory motor neurons [47]. This 
model also allows for CMC generation in the 
absence of serotonergic descending interneurons, 
to reconcile findings that depletion of neuronal 
5-HT in the mouse colon (i.e., all interneurons 
and motor neurons) does not prevent CMC gen-
eration in mice [51]. Further, the model includes 
cooperation of distinct populations of interstitial 
cells of Cajal as pacemakers, and frequency mod-
ulation in the SIP syncytium [6, 24, 25].

B. B. Barth et al.



121

  fluid

distension

stimulus

train

5 s

  fluid

distension

stimulus

train

5 s

1 s stimulus onset  1 s stimulus onset  

a

b

c

d

Fig. 11.3 Spatiotemporal diameter maps and myoelec-
tric recordings from the isolated whole mouse colon. 
Fluid distension evoked colonic migrating motor complex 
that could be modulated by exogenous electrical stimula-
tion. (a, b) Interfering transmural electrical stimulation 
was delivered after the onset of cholinergic rapid oscilla-

tions prior to smooth muscle action potentials, and it did 
not observably interfere with the colonic migrating motor 
complex. However, when the stimulus was delivered, the 
contraction wavefront reached the site of stimulation (c, 
d), the interfering stimulus temporarily halted the contrac-
tion wavefront until the stimulus was terminated

There are limitations and potential inconsis-
tencies in the model. The details of the robust, 
distributed model appear to vary between spe-
cies. For example, in the presence of tetrodo-
toxin, the muscarinic agonist carbachol evoked 
myogenic contractions in rabbits and rats but not 
in mice or guinea pigs [12]. The distribution of 
mechanosensitive neurons and their neurochemi-
cal code, for example, also vary across species 
[34, 35]. These discrepancies between species do 
not invalidate the robust, distributed control sys-
tem model, but rather suggest that the details and 
tuning of the model vary across species. As well, 
the majority of the observations used to develop 
the model were from the ex vivo isolated colon. It 
remains to be determined how well these obser-
vations and models translate to the in vivo murine 
colon, and the in  vivo colon of other species, 
including humans. Across species, the colonic 

motor complex is coordinated by a robust, dis-
tributed control system that routinely and reliably 
generates specific output motor function in 
response to stochastic and varied inputs.
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12Colonic Response to Physiological, 
Chemical, Electrical 
and Mechanical Stimuli; What Can 
Be Used to Define Normal Motility?

Phil G. Dinning

Abstract

The colon plays an important functional role in 
the bacterial fermentation of carbohydrates, 
transmural exchange of fluid and short-chain 
fatty acids, and the formation, storage and evac-
uation of faeces and gaseous contents. 
Coordinated colonic motor patterns are essen-
tial for these functions to occur. Our under-
standing of human colonic motor patterns has 
largely come through the use of various forms 
of colonic manometry catheters, combined 
with a range of stimuli, both physiological and 
artificial. These stimuli are used in patients with 
colonic disorders such as constipation, irritable 
bowel syndrome and faecal incontinence to 
understand the pathophysiology mechanisms 
that may cause the disorder and/or the associ-
ated symptoms. However, our understanding of 
a “normal” colonic response remains poor. This 
review will assess our understanding of the nor-
mal colonic response to commonly used stimuli 
in short duration studies (<8 hrs) and the mech-
anisms that control the response.
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12.1  Protocols and Catheter Types

Colonic manometry is a technique in which a 
small diameter, highly flexible catheter, incorpo-
rating an array of pressure sensors is placed into 
the colon to record contractile activity. A detailed 
description of colonic manometry catheter types, 
placement techniques and protocols have been 
published elsewhere [1]. Here, a brief summary 
is provided.

Manometry catheters in use today include 
water perfused, solid state and fibre-optic. These 
catheters are classified as being high resolution if 
they have an array of sensors (typically 36–72) 
spaced at 10–30 mm intervals. In adults, all stud-
ies in the past ten years have placed catheters into 
the colon through the anus with the aid of a colo-
noscope. This placement technique involves 
some form of bowel preparation (the complete or 
partial removal of faecal material) and sedation. 
As such, most current studies record colonic con-
tractile activity in a colon devoid of faecal con-
tent. This differs from many of the previous 
colonic manometry studies, using low-resolution 
(sensors spaced at >7  cm) manometry. Those 
studies were mostly recorded over periods of 
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12–24 hrs, which allowed the colon to fill again. 
The colonic manometry protocols vary between 
research groups and the design is very much 
dependent upon the aims of the research group. 
However, most studies will have a recording 
period of unstimulated colonic motility, followed 
by a meal and/or chemical/mechanical 
stimulation.

12.2  Colonic Motor Patterns

Over the years, there have been a wide range of 
colonic motor patterns described, and in many 
instances, different terminology was applied to 
the same motor pattern. In 2019, a consensus 
statement was published to unify nomenclature 
[2]. A brief description of the main motor pat-
terns used in this chapter are as follows:

 (i) High-amplitude propagating contractions 
(HAPC). As the name suggests, this motor 
pattern consists of high amplitude pressure 
waves, usually >75 mmHg that travel over at 
least 30 cm of the colon. They mostly origi-
nate in the proximal colon and are associ-
ated with “mass movement” of colonic 
content and defecation.

 (ii) The cyclic motor pattern. Repetitive propa-
gating pressure events with a cyclic fre-
quency of 2–8/min in either a retrograde 
or antegrade direction, or aligned syn-
chronously across ≥3 sensors. Low-
resolution manometry labelled this 
activity as non- propagating, segmental or, 
if recorded in the rectum, periodic rectal 
motor activity.

 (iii) Low-amplitude propagating contractions. 
Propagating contraction with pressure 
waves below that used to define HAPCs.

 (iv) Colonic pressurizations. Synchronous pres-
sure increase across all manometry channels 
temporally associated with relaxation of the 
anal sphincter.

12.3  Colonic Response to a Meal

Of all the physiological influences on colonic 
motility, the meal is arguably the most studied. In 
1910, Hertz and Frowde wrote, after viewing 
X-ray images of the human colon, that they “dis-
covered that the taking of food is the most power-
ful of all stimuli to the motor activity of the colon 
in man” [3]. Meals were reported to be a key 
stimulus for “mass movements”, [4] and the term 
“gastro-colonic reflex” was being used by 1913 
[5]. Recordings with low-resolution water per-
fused manometry in healthy adults showed that a 
1000 kCal meal rapidly increased contractile 
activity throughout the colon and induced an 
increase in low-amplitude contractions and 
HAPC [6–13].

With the introduction of high-resolution 
manometry, the shorter duration studies in a pre-
pared colon have changed our interpretation of the 
meal response. For example, while meals in 
healthy adults have typically been associated with 
an increase in the number of HAPCs, in high-res-
olution colonic manometry studies, in the prepared 
colon, post-prandial HAPCs are absent in many 
recordings [14–18]. A potential stimulus of HAPC 
is distension caused by colonic content (see Sect. 
12.5) and presumably its removal during a bowel 
preparation has a negative impact upon their initia-
tion. Of the other motor patterns, one study in 
healthy adults recorded a significant increase the 
cyclic motor pattern after a meal (Fig. 12.1), [19] 
while another did not [20]. Colonic pressuriza-
tions have been shown to increase during a meal 
period in several studies, [15–18] leading one 
study to suggest that these motor patterns may be 
a suitable biomarker for defining dysmotility in 
patient populations [16]. However, subsequent 
studies in healthy adults have failed to show a 
postprandial increase in this motor pattern [21]. 
It is important to note that the meals, catheter types 
and analysis techniques differed amongst all stud-
ies reporting a meal response and this may account 
for the varied results.
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Fig. 12.1 Fibre-optic high-resolution manometry record-
ing in a healthy adult volunteer. The numbers on the X-ray 
image represent the sensor number. These numbers can 
also be seen on the manometry trace to the right of the 
X-ray image, providing the location of where each sensor 
is located within the colon. An increase in colonic motor 

patterns can be seen when the meal is given (vertical blue 
line). The area within the red hatch rectangle have been 
expanded and shown at the bottom of the figure. The 
expanded image shows the cyclic motor pattern initiated 
by the meal

Mechanisms Controlling the Meal 
Response The colonic response to a meal is 
rapid and the level of the response may be depen-
dent upon the calories content [22] and the type 
of food consumed [23]. However, as the increase 
in colonic activity is evident within seconds of 
starting to eat, [19] clearly a large calories intake 
is not required for its initiation. The speed of the 
response and its inhibition by pre-treatment with 
the anticholinergic drug clidinium bromide [22] 
suggest the initial meal response is neurally 
mediated. Therefore, a failed colonic response to 
meal in a patient population may indicate an 
abnormality of the neural inputs to the colon. 
However, given some healthy adults can also fail 
to show an increase in any of the defined motor 
pattern after a meal, a pathophysiological diagno-

sis based upon a meal response alone should not 
be made.

Conclusion The colonic meal response in 
healthy adults remains poorly defined and as yet 
there are no post-prandial motor patterns that can 
clearly define normal from abnormal motility.

12.4  Colonic Response 
to Chemical Stimulation

Over many years, chemicals of various kinds 
have been used to stimulate or inhibit colonic 
activity in the humans. Here, these studies have 
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been divided into two sections: (i) the effects of 
chemicals on general colonic motility and low- 
amplitude propagating contraction; and (ii) the 
effects of chemicals on HAPCs.

 (i) The effects of chemicals on general colonic 
motility and low-amplitude propagating con-
traction. In the early 1950s, the “antispas-
modic” post-ganglionic parasympathetic 
antagonist Banthine (100  mg) was given 
orally to subjects without bowel complaints. 
It resulted in profound inhibition of the 
wave-like contractions in the sigmoid colon. 
[24] In 1960, recording motility from a sin-
gle location in the caecum and one in the 
descending colon, Fink and Friedman tested 
the effects of several drugs [25]. All doses 
(5–12.5 mg) of the cholinergic receptor ago-
nist Mecholyl increased colonic contractions 
in the proximal colon of all subjects, while in 
the sigmoid colon, increased contractions 
were only recorded with higher doses. The 
cholinergic agonists neostigmine and ure-
choline increased phasic activity in the prox-
imal and distal colon in all subjects. The 
5-hydroxytryptamine (5-HT) neurotransmit-
ter, serotonin, increased the phasic activity of 
the proximal colon and inhibited distal 
colonic motility.

In 14 healthy adults, the anticholinergic 
drug, clidinium bromide blocked the normal 
rapid increase in  sigmoid phasic activity in 
response to a high calories meal [22]. A rec-
tal infusion (150 ml) of the bile acid, cheno-
deoxycholic acid (1  mmol), increased 
proximal colonic propagating motor patterns 
in ten healthy adults [26]. An intravenous 
infusion of the cholinergic stimulant, 
 edrophonium chloride (10 mg), significantly 
increased both proximal and distal colonic 
contractile activity in eight healthy adults 
[27]. An IV infusion of the nitric oxide 
 inhibitor, N(G)-monomethyl-L-arginine 
(L-NMMA; 3 mg.kg-1), increased the num-
ber of proximal colonic propagating contrac-
tions in six health adults [28]. In three healthy 
adults, acetylcholinesterase inhibitor, 
prostigmine (0.5  mg; IV), significantly 

increased the number of colonic pressuriza-
tions [15], whilst, oral administration of 
polyethylene glycol (2  ×  13.8  g satchels) 
increased the number of low-amplitude 
propagating contraction in ten healthy sub-
jects [29].

 (ii) The effects of chemicals on HAPCs. In 11 
healthy volunteers, an oral dose (0.0125–
0.5  mg/kg) of the adrenergic α2 antagonist, 
yohimbine, resulted in an increase in HAPCs, 
[30] suggesting that under normal conditions 
the central nervous system may play a role in 
suppressing these propulsive motor patterns. 
Prucalopride, a 5-hydroxytryptamine4 recep-
tor agonist, increases HAPC frequency when 
recordings were made 12  hours after oral 
intake [31]. However, in short duration stud-
ies, no HAPC increase was noted [18, 29, 32]. 
The most used chemical to induce HAPC is 
biasocodyl. In healthy adults, bisacodyl (3 mg 
in 10 ml saline) infused through a manometry 
catheter into the proximal transverse colon 
resulted in a rapid and significant increase in 
the number of HAPCs [33]. Similar increases 
in HAPCs have been recorded with rectal 
infusion (10 mg) (Fig. 12.2) [18] and oral dos-
age (10 mg), albeit with a delayed response 
for the latter [29].

Mechanisms Controlling the Chemical 
Response The mechanisms underpinning the 
colonic response to chemicals will depend upon 
the chemicals used. For the majority of manom-
etry studies, bisacodyl is the drug of choice. 
Bisacodyl is converted to an active form, 
desacetyl- bisacodyl (“des-bisacodyl”) in the 
lumen of the gut by mucosal or bacterial enzymes 
[34]. With oral administration, bisacodyl and 
des-bisacodyl are poorly absorbed through the 
gut wall. There is a poor correlation between the 
laxative effect (increase in HAPC) and the blood 
concentrations of bisacodyl [35, 36]. This indi-
cates that it works on the luminal surface of the 
mucosa. Pre-treatment of lignocaine to the 
mucosa of the human colon blocks the effects of 
bisacodyl [37]. Stimulation of sensory nerves 
within the mucosa, by bisacodyl is then likely to 
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Fig. 12.2  A spatio-temporal colour plot of HAPC initi-
ated by a rectal infusion of bisacodyl in a healthy adult. 
The Y-axis shows the distance in cm from the anal canal, 
the X-axis shows time (h:m) from the time of rectal infu-
sion. The Z-axis shows the amplitude of the pressure 

waves in the HAPC. Note that while the bisacodyl was 
infused into the rectum, the site of origin of the HAPC is 
the proximal colon. (Reproduced with permission from 
[18])

trigger extrinsic vagal nerves to initiate the 
HAPCs in proximal colon. This response appears 
to be an all or nothing one – either HAPCs are 
initiated or they are not. In children there appears 
to be little increase in any other type of motor 
pattern [38]. Once initiated, the progression of 
the HAPC along the colon is also a good indica-
tion of normal colonic musculature and enteric 
neural circuits. [18, 39]

Conclusion From a clinical perspective, in short 
duration studies, Bisacodyl is the most com-
monly used stimulant, particularly in paediatric 
studies [38]. As a rectal infusion of bisacodyl can 
induce HAPC starting in the proximal colon [18], 
this would appear to be the simplest test to induce 
these propulsive motor patterns. However, 
bisacodly can also be considered a blunt tool, and 
most patients with severe constipation will still 
display a “normal” colonic response to this 
chemical stimulus [38]. Therefore, while it may 
help isolate those few patients who fail to 

respond, it is unlikely to help subtype patients 
beyond that. In addition, it must be noted that 
while patients may respond to a chemical like 
bisacodyl, it does not mean their colon will 
respond to the normal physiological chemical 
and mechanical stimulation provided by the 
patients’ normal colonic content [39].

12.5  Colonic Response 
to Distension

Direct observation using X-ray images noted that 
as caecal filling and subsequent distension and 
elongation of the region occurred, propulsive 
motor patterns were initiated to move content 
towards the rectum [40, 41]. This suggests that 
distending the colon may be a suitable stimulus 
for initiating colonic motor patterns. While not 
commonly performed, there are some colonic 
manometry studies that have conducted colonic 
balloon distension during the recordings, the 

12 Colonic Response to Physiological, Chemical, Electrical and Mechanical Stimuli; What Can Be Used…



130

results of which have been highly variable. The 
studies below detail “colonic” distension, as 
opposed  to rectal distension, which has been 
shown to inhibit proximal colonic motor propa-
gating pressure waves in healthy adults [26].

In healthy adults, distension with a 5 cm long 
balloon (maximum of 150 ml [~6 cm diameter] 
or until the patient reported pain) in the trans-
verse, descending and sigmoid colon induced 
low-amplitude propagating pressure waves in 
8/15 healthy adults [42]. In another study, in the 
descending colon of 32 healthy volunteers, a 
10 cm barostat balloon was inflated to an intra- 
balloon pressure of 8, 16, 24 and 32  mmHg 
greater than the minimal respiratory pressure of 
the colon (distension diameters not provided). 
The inflation remained at each pressure for 
1  minute, before a 1-minute rest, and then the 
next inflation [30, 43]. Within 5 minutes of bal-
loon distension, just four HAPCs were recorded 
[30]. That study did not provide details on which 
of four balloon distensions were associated with 
the HAPCs, and in how many volunteers those 
four HAPCs were recorded; however, it is safe to 
assume that no post-inflation HAPCs were 
recorded in at least 28/32 adults. In a more recent 
study, distension of a 10 cm balloon in the proxi-
mal colon, to each subject’s maximal tolerable 
volume (250–400 ml) for 2–3 minutes was shown 
to stimulate HAPCs in 17 of 19 healthy adults 
[18].

Mechanisms Controlling the Distension 
Response In humans, the pathways involved in 
the colonic response to distension are poorly 
defined. It is likely to involve both intrinsic and 
extrinsic pathways. As normal distension of the 
caecum and ascending colon with colon content 
appears to initiate propulsive motor patterns [40, 
41], it is likely that extrinsic vagal neurons play a 
role. The progression of the HAPC along the 
colon also indicates an intact enteric nervous 
system.

Conclusion The colonic response to balloon 
stimulation is likely to be dependent upon the site 
of stimulation, diameter of the balloon and dura-

tion of the stimulation. Current evidence suggests 
that proximal ascending colonic distension is 
good intervention for inducing HAPC, with a low 
probability of non-responders [18]. However, 
given that the proximal colon distension induced 
HAPCs required 2–3 min of balloon inflation at a 
maximal tolerable volume, the usefulness of the 
protocol may be limited in certain patient popula-
tions. For example, in patients with irritable 
bowel syndrome, maintaining uncomfortable/
painful stimuli for prolonged periods would be 
unfeasible. The volume required to induce a max-
imal tolerable volume in such patients may also 
be much lower than in healthy adults [44] and 
therefore a failed response may simply be due to 
the smaller balloon diameter, rather than a motor 
abnormality.

12.6  Colonic Response to Gas 
Insufflation

Intestinal gas in the bowel can cause significant 
discomfort or pain. However, the effects of gas 
upon colonic motor patterns have rarely been 
assessed. A recent study demonstrated that small 
amounts of gas insufflated directly into the sig-
moid colon (30 ml over 2 minutes) could reliably 
trigger the cyclic motor patterns in nine healthy 
adults [21]. Further studies are required to con-
firm the reproducibility of this response to estab-
lish normal ranges and to determine whether or 
not the stimulus can be used in patients with sus-
pected colonic hypersensitivity.

12.7  Summary, Current 
Limitations and Future 
Directions

While the colon in healthy adults responds to 
many different types of chemical, mechanical 
and physiological stimuli, with the exception of 
bisacodyl, the “normal” response remains poorly 
defined. Despite most groups around the world 
now using high-resolution colonic manometry, 
there remains little to no standardization of the 
procedure. Catheter types, the number of sensors, 
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the spacing between sensors, protocols used, def-
initions of motor patterns and analysis of manom-
etry traces all differ amongst institutions [1, 45, 
46]. There are also very few studies performed in 
healthy adults and most publications will report 
data on <20 subjects [18, 29, 47]. The small sam-
ple size, combined with all the other variables 
associated with the procedure, makes it very dif-
ficult to establish normal ranges.

Based upon the current evidence, a rectal infu-
sion of bisacodyl or proximal colonic balloon 
inflation would appear to give the most reproduc-
ible results. However, the usefulness of either 
technique in helping to subtype patients, under-
stand associated motor abnormalities or guide/
predict their treatment outcomes remains unde-
termined. With colonic manometry, it is also 
highly unlikely that one test will be sufficient for 
all colonic motility disorders. Prolonged balloon 
distension in a patient with constipation-pre- 
dominant IBS may not be feasible, while in a 
patient with faecal incontinence or diarrhoea, a 
rectal infusion of Bisacodyl may not be 
appropriate.
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13New Insights on Extrinsic 
Innervation of the Enteric Nervous 
System and Non-neuronal Cell 
Types That Influence Colon 
Function

Kimberly A. Meerschaert, Brian M. Davis, 
and Kristen M. Smith-Edwards

Abstract

The enteric nervous system not only inner-
vates the colon to execute various functions in 
a semi-autonomous manner but also receives 
neural input from three extrinsic sources, (1) 
vagal, (2) thoracolumbar (splanchnic), and (3) 
lumbosacral (pelvic) pathways, that permit 
bidirectional communication between the 
colon and central nervous system. Extrinsic 
pathways signal sensory input via afferent 
fibers, as well as motor autonomic output via 
parasympathetic or sympathetic efferent 
fibers, but the shared and unique roles for each 
pathway in executing sensory-motor control 

of colon function have not been well under-
stood. Here, we describe the recently devel-
oped approaches that have provided new 
insights into the diverse mechanisms utilized 
by extrinsic pathways to influence colon func-
tions related to visceral sensation, motility, 
and inflammation. Based on the cumulative 
results from anatomical, molecular, and func-
tional studies, we propose pathway-specific 
functions for vagal, thoracolumbar, and lum-
bosacral innervation of the colon.

Keywords

Visceral pain ·  Motility ·  Autonomic nervous 
system ·  Spinal cord ·  Vagus nerve ·  
Splanchnic nerve ·  Pelvic nerve

13.1  Introduction

The colon is responsible for the formation, stor-
age, and expulsion of fecal contents, while also 
maintaining a homeostatic environment with 
respect to the microbiome, epithelial barrier, and 
immune status. To execute these integrated func-
tions, the colon is innervated by intrinsic neu-
rons, enteric nervous system (ENS) that initiate 
reflexes and generate activity patterns that pro-
duce propulsive smooth muscle contractions and 
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relaxation. Mechanical and/or chemical stimuli 
at the luminal surface activate sensory terminals 
of intrinsic primary afferent neurons (IPANs), 
either directly or indirectly via enteroendocrine 
cells in the colon epithelium. IPANs then initiate 
activity in ascending ENS pathways that cause 
oral contraction, as well as descending ENS path-
ways that cause anal relaxation. This pattern of 
neuro-mechanical activity facilitates forward 
movement of fecal matter toward the anus [1]. 
Although the ENS can produce motor patterns 
autonomously, the colon also receives neural 
input from three distinct extrinsic sources: (1) 
vagal, (2) thoracolumbar (TL) spinal, and (3) 
lumbosacral (LS) spinal pathways. Each of these 
pathways contains sensory input via afferent 
fibers, as well as autonomic motor output via 
parasympathetic (vagal and LS, pelvic) or sym-
pathetic (TL, splanchnic) efferent fibers, permit-
ting bidirectional communication between the 
colon and brain. Adding to the complexity and 
diversity of mechanisms that execute colon func-
tions, intrinsic and extrinsic neurons interact with 
non-neuronal cell populations, including intersti-
tial cells of Cajal, enteric glia, immune cells, and 
epithelial cells, that have been shown to shape 
motility patterns, regulate neuroinflammation 
and visceral pain, and maintain a protective epi-
thelial barrier [2–7]. Many labs have focused 
their attention on understanding extrinsic afferent 
signaling and sensory input to the central nervous 
system (CNS; see [8, 9] for reviews). It is also 
critical to determine how input from vagal, TL, 
and LS pathways is integrated within the central 
nervous system (CNS) to, in turn, send output 
commands that influence colon function. Much 
of what is known about extrinsic efferent nerve 
pathways to the colon and their cellular targets 
comes from studies that have either used in vivo 
or in vitro motility assays combined with phar-
macology and/or nerve stimulation (see [10] for 
review). However, in the last decade, there has 
been an explosion of new tools (e.g., optogenet-
ics, genetically encoded calcium indicators, sin-
gle cell RNA sequencing) that allow for 
high-throughput comprehensive, yet also 
detailed, investigations of anatomical, molecular 
[11–15], and functional characteristics of the 

ENS and extrinsic pathways. For example, single 
cell RNA sequencing has been used to identify 
molecularly unique subpopulations of myenteric 
neurons [11–14], as well as extrinsic sympathetic 
[11] and sensory neurons [11, 15] that innervate 
the colon. Studies using opto- and chemogenetic 
stimulation or inhibition have begun to attribute 
certain motility and visceral pain behaviors to 
specific neuronal (and non-neuronal) subtypes 
[16–18]. Of particular importance for mapping 
functional connectivity, genetically encoded cal-
cium indicators, such as GCaMP, have been used 
for direct recordings of network activity with 
single-cell and millisecond resolution in more 
intact ex  vivo colon preparations [17, 19] and 
in  vivo models [19, 20]. This mini-review 
describes how recently developed approaches 
have painted a more holistic picture of the diverse 
mechanisms utilized by extrinsic pathways to 
influence colon function, and pathway-specific 
functions are proposed for LS, TL, and vagal 
innervation.

13.2  Distinct ENS Organization 
and Function in Proximal 
and Distal Colon

To fully understand how extrinsic neural innerva-
tion influences colon function, it is important to 
first highlight recent advances in our knowledge 
of the differences between proximal and distal 
colon regions regarding structure and function. 
This has been a major topic of ENS neurobiology 
in the last few years, and a comprehensive discus-
sion is unfortunately not within the scope of the 
present review (but for references, see [12, 21, 
22, 23]). Briefly, it is generally agreed upon that 
the increased complexity of neural circuits in 
proximal regions corresponds to the more diverse 
motor patterns that this area of colon must gener-
ate in order to mix and process luminal contents, 
absorb water, and shape into fecal pellets. By 
contrast, the neural circuits in distal colon regions 
are relatively simpler, reflecting the peristaltic 
contractions, driven by neuro-mechanical feed-
forward interactions [1], that this area produces 
in order to transport fecal contents to the anus for 
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excretion. Therefore, to achieve more precise 
control, the mechanisms utilized by extrinsic 
neural pathways that modulate colon function 
may also exhibit region-specific characteristics 
(e.g., spatial distribution of innervation, cellular 
targets, neurotransmitters/receptors), and this 
concept will be discussed in further detail below 
as it relates to the three major extrinsic pathways 
that innervate the colon.

13.3  Lumbosacral (LS) Pathway

In the true spirit of the colon, we will start at the 
“bottom” with pathways that travel from LS spi-
nal cord segments to the colon via the pelvic 
nerve and are traditionally associated with both 
afferent input and parasympathetic output (but 
see [24]). Teased fiber recordings in ex vivo colon 
preparations indicate an even distribution of LS 
afferents sensitive to different types of mechani-
cal stimuli applied to the colon (e.g., stretch, 
probe, and mucosal brushing) [9, 25, 26]. 
Molecular studies have revealed that a major dis-
tinction between LS and other extrinsic colon 
afferents is the expression of Piezo-2 [27], a 
channel responsible for converting mechanical 
input to electrical activity, indicating an impor-
tant role for LS afferents in monitoring the 
mechanical state of the colon. Afferents in the LS 
pathway respond to both noxious and innocuous 
distension, and activate second-order neurons in 
the dorsal horn of the spinal cord [19, 28, 29]. 
However, during conditions of inflammation in 
rodents, afferent input to the LS spinal cord 
remains unchanged [28] (also Meerschaert et al., 
manuscript in preparation), indicating that LS 
afferents are involved in mechanical sensation 
and perhaps acute visceral pain, but inflamma-
tory pain is not likely mediated through this 
pathway.

Recent work performed in our lab using dual- 
color back-labeling from the colon showed that 
LS afferents almost exclusively project to distal 
regions (98% of colon-projecting LS afferents), 
whereas afferents of other pathways innervate 
both the proximal and distal colon to a similar 
extent (below) [27]. Therefore, despite also 

receiving sensory innervation from TL and vagal 
pathways, the distal colon is innervated by a spa-
tially restricted group of afferents completely 
dedicated to monitoring the mechanical state of 
this particular colon region, regardless of the 
inflammatory state. Spinal segregation of 
LS-specific input coming from distal colon likely 
helps the CNS manage or compartmentalize the 
large amounts of sensory information it continu-
ously processes, but more importantly, probably 
corresponds to distinct functions specifically car-
ried out by the LS pathway.

In the late 1970s, in  vivo electrophysiology 
was used in cats to show that the LS parasympa-
thetic reflexes to the large intestine are mediated 
via a spinal pathway and have an essential role in 
the initiation of propulsive activity during defe-
cation [30]. More recent studies have confirmed 
and extended our understanding of the neural cir-
cuits involved. In an ex  vivo preparation that 
keeps the colon intact with the LS pathway, 
GCaMP calcium imaging was used to monitor 
the activity in myenteric neurons and colon 
motility produced by stimulating afferent and 
efferent fibers of the LS pathway (i.e., L6 DRG/
dorsal root and ventral root) [19]. Activating pre-
ganglionic parasympathetic neurons via ventral 
root stimulation increased calcium signals in 
myenteric neurons and evoked contractions, 
regardless of whether spinal cord circuitry was 
intact. By contrast, capsaicin and electrical stim-
ulation applied to LS afferents caused a similar 
effect on myenteric neurons and motility only 
when the spinal cord was present in continuity. In 
vivo, optogenetic stimulation of TRPV1+ affer-
ents by application of blue light to the colon 
lumen was associated with increased activation 
of autonomic nuclei in LS spinal cord segments 
[19]. In follow-up experiments, electrical stimu-
lation of the pelvic nerve activated myenteric 
neurons in the distal colon and also produced a 
delayed, time-locked activation of myenteric 
neurons in the proximal colon that consistently 
initiated a colonic motor complex (Meerschaert 
and Smith-Edwards, unpublished). The organiza-
tion of sensory input, response patterns to 
mechanical stimulation in LS afferents, com-
bined with the engagement of ENS circuits that 
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produce contractions, are all consistent with the 
primary function of the LS pathway as mediating 
defecation or expulsion of formed fecal contents 
by monitoring the mechanical status of the distal 
colon.

13.4  Thoracolumbar (TL) Pathway

The neural circuits of the TL pathway to the 
colon, associated with afferent input and sympa-
thetic output, are more complex in anatomy, cel-
lular targets, and functional effects on colon 
motility patterns. As a population, TL colon 
afferents do not respond well to stretch or muco-
sal brushing; rather, the majority are activated by 
blunt probing of their receptive fields, 50% of 
which are located within or adjacent to the mes-
enteries that hold the colon in place within the 
abdominal cavity [9, 25, 26]. This has led to the 
hypothesis that TL afferents detect twisting or 
torsion of the colon and are involved in produc-
ing sharp, transient pain associated with spasm or 
distension. During conditions of inflammation 
induced by mustard oil [28] as well as a 5-day 
treatment of dextran sulfate sodium (DSS; 
Meerschaert et  al., manuscript in preparation), 
input from colon afferents to TL spinal cord neu-
rons was significantly increased. Neurogenic 
inflammation is mediated via sensory neurons 
that release neuropeptides from their peripheral 
terminals, and a high proportion of TL afferents 
have a peptidergic molecular profile, with expres-
sion of calcitonin gene-related polypeptide 
(Calca), preprotachykinin-1 (Tac1), and growth 
factor receptor 3 (Gfra3) [27]. Therefore, one 
would predict that TL afferents have a large role 
in mediating and transducing signals of inflam-
mation and inflammatory pain.

From the colon, TL afferents course through 
sympathetic prevertebral ganglia on their way to 
TL spinal cord segments, and likely provide 
direct sensory input to sympathetic postgangli-
onic neurons (SPNs) via axon collaterals along 
the way. Sensory neurons within the colon (intes-
tinofugal afferent neurons, IFANs) also have 
axons that project and form functional synapses 
onto SPNs [31–34]. Therefore, direct sensory-to- 

sympathetic communication occurs outside of 
the spinal cord (i.e., CNS) on a regular basis, and 
based on evidence described in the above para-
graph, it appears that TL spinal cord neurons 
become more involved during inflammatory or 
noxious conditions. There are three different lev-
els of sympathetic prevertebral ganglia that 
 contain colon-innervating SPNs [17]. The celiac 
ganglion is the largest and most rostral of the 
SPG, and houses SPNs that project to proximal 
regions of the colon [17] as well as many other 
visceral organs. By contrast, the inferior mesen-
teric ganglion (IMG) and pelvic hypogastric 
plexus (PHP) each have much fewer SPNs in 
total, but nearly 60% innervate the colon, half 
going to proximal regions and the other half to 
distal regions [17]. Therefore, whereas the celiac 
ganglion mediates sympathetic output to numer-
ous visceral organs, the IMG and PHP are more 
restricted to colon, and likely the bladder and 
reproductive organs.

Unlike sympathetic innervation of the vascu-
lature, the effects of sympathetic input on colon 
motility occur via the enteric nervous system 
(ENS) rather than directly on smooth muscle 
cells. Early studies using distal colon muscle 
recordings, sympathetic nerve stimulation, and 
neuronal blockers reported that sympathetic 
input has an inhibitory effect on ascending ENS 
reflex responses to mucosal stimulation [35]; 
sympathetic stimulation also affected the resting 
inhibitory tone of colon smooth muscles [35] and 
altered muscle activity in a context-dependent 
manner by acting on the ENS [36]. More recent 
work has provided evidence that SPNs also target 
non-neuronal cells that help to shape motility 
patterns (e.g., ICC, glia), regulate neuroinflam-
mation (e.g., glia, immune cells), mediate 
responses to infection (e.g., immune cells), and 
make up the ever-important epithelial barrier 
(e.g., epithelial cells) [17, 37–39]. Interestingly, 
sympathetic input has been shown to have region- 
specific effects on activity in myenteric neurons, 
ICC and epithelial cells, causing the inhibition of 
propulsive contractions in distal colon, and facili-
tating motor patterns for mixing and processing 
fecal contents in proximal colon [17]. Overall, 
these findings are consistent with a primary func-
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tion of the TL pathway as moderating neuro- and 
myogenic motility, as well as coordinating the 
timing and propulsion of movement from proxi-
mal to more distal colon regions, which must 
adapt to inflammatory conditions in order to rees-
tablish homeostasis. Therefore, whereas the LS 
pathway mediates motility based on mechanical 
input specifically from the distal colon, the TL 
pathway mediates motility based on mechanical 
and inflammatory input from the entire length of 
colon, and likely other regions of the GI tract.

13.5  Vagal Pathway

Several labs have used optogenetic, electrophysi-
ological, and tracing approaches to map func-
tional connections between vagal neurons and 
visceral organs, but few reports have included 
vagal innervation of the colon. The extent to 
which the vagus nerve innervates the colon has 
been debated throughout history [40–44], with 
more recent studies finding that contrary to previ-
ous thought, extrinsic neurons of the vagus nerve 
innervate and form functional synapses through-
out the entire length of colon, even distal regions 
[45–49]. In mice, back-labeling from proximal 
and distal colon suggest a relatively similar extent 
of vagal innervation in the two regions [27]. 
Interestingly, vagal colon afferents were molecu-
larly distinct from spinal colon afferents, mainly 
due to higher mRNA expression of the purinergic 
receptors, P2X2 and P2X3, and low expression 
of Calca and Tac1, suggesting that vagal afferents 
innervating the colon are non-peptidergic and 
sensitive to metabolites, such as ATP [27]. 
Although data are currently limited, these find-
ings are consistent with the vagal pathway as 
being a major source of sensory input from both 
proximal and distal colon.

Vagovagal reflexes refer to the vagal afferent, 
brainstem, vagal efferent neuron circuits that 
coordinate the functions of visceral organs. 
Appetite, satiety, gastric volume, and secretion of 
pancreatic enzymes are all functions thought to 

be mediated by vagovagal reflexes [50, 51]. 
Information from the vagus nerve converges 
within the nucleus tractus solitarius (NTS) of the 
brainstem, which projects to other brain struc-
tures that are involved in setting autonomic con-
trol, metabolism, satiety, and affect (e.g., limbic 
system, hypothalamus). Therefore, vagal affer-
ents appear to be responsible for providing the 
brain with the information required for major 
“top-down” decision-making regarding intestinal 
digestion and motility, either via vagal efferents 
or descending pathways to the spinal cord. It is 
estimated that only 20% of neural fibers in the 
vagus nerve are parasympathetic efferents, and 
these are distributed across several other visceral 
organs besides the colon. Therefore, future 
research should focus efforts to determine 
whether the vagal pathway mediates colon func-
tion via vagovagal reflexes, or if vagal input from 
the colon is distributed across multiple brain 
regions, and effector functions occur via descend-
ing spinal cord pathways.

13.6  Summary

Based on recent studies using new approaches to 
investigate extrinsic sensory and autonomic 
innervation of the colon, the following pathway- 
specific functions are proposed:

• The lumbosacral pathway to the colon medi-
ates motility reflexes for defecation or expul-
sion of fecal pellets by specifically monitoring 
the mechanical state of distal colon regions.

• The thoracolumbar pathway mediates neuro- 
and myogenic motility to coordinate the tim-
ing of fecal movement from proximal to distal 
regions; it does this by integrating input 
regarding the mechanical and inflammatory 
state of the entire length of colon.

• The vagal pathway is a major source of sen-
sory input from both proximal and distal 
colon, providing the brain information 
required for “top-down” control of intestinal 
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digestion and motility. Colon-specific effector 
functions need further investigation.
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Abstract

Autism spectrum disorder (ASD; autism) is a 
prevalent neurodevelopmental disorder asso-
ciated with changes in gut-brain axis commu-
nication. Gastrointestinal (GI) symptoms are 
experienced by a large proportion of individu-
als diagnosed with autism. Several mutations 
associated with autism modify cellular com-
munication via neuronal synapses. It has been 
suggested that modifications to the enteric 
nervous system, an intrinsic nervous system of 

the GI tract, could contribute to GI dysfunc-
tion. Changes in gut motility, permeability, 
and the mucosal barrier as well as shifts in the 
large population of microbes inhabiting the GI 
tract could contribute to GI symptoms. 
Preclinical research has demonstrated that 
mice expressing the well-studied R451C mis-
sense mutation in Nlgn3 gene, which encodes 
cell adhesion protein neuroligin-3 at neuronal 
synapses, exhibit GI dysfunction. Specifically, 
NL3R451C mice show altered colonic motility 
and faster small intestinal transit. As well as 
dysmotility, macrophages located within the 
gut-associated lymphoid tissue of the NL3R451C 
mouse caecum show altered morphology, sug-
gesting that neuro-inflammation pathways are 
modified in this model. Interestingly, NL3R451C 
mice maintained in a shared environment 
demonstrate fecal microbial dysbiosis indicat-
ing a role for the nervous system in regulating 
gut microbial populations. To better under-
stand host-microbe interactions, further clari-
fication and comparison of clinical and animal 
model profiles of dysbiosis should be obtained, 
which in turn will provide better insights into 
the efforts taken to design personalized micro-
bial therapies. In addition to changes in neuro-
physiological measures, the mucosal 
component of the GI barrier may contribute to 
GI dysfunction more broadly in individuals 
diagnosed with a wide range of neurological 
disorders. As the study of GI dysfunction 
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advances to encompass multiple components 
of the gut-brain-microbiota axis, findings will 
help understand future directions such as 
microbiome engineering and optimisation of 
the mucosal barrier for health.

Keywords

Autism · Enteric nervous system · Synapse ·  
Mouse models · Gut–brain axis · Microbes

14.1  Introduction

Autism spectrum disorder (ASD; autism) is a 
highly prevalent neurodevelopmental disorder 
diagnosed based on the presence of impaired 
social communication skills alongside repetitive 
and/or restricted behavioural patterns. Recent 
reports reveal that approximately 1 in 54 school- 
aged children in the United States are diagnosed 
with ASD [1]. A significant proportion of people 
on the autism spectrum experience major chal-
lenges interacting in the community as well as 
reduced quality of life due to profound behav-
ioural impairments. Surprisingly, gastrointestinal 
symptoms are commonly reported by individuals 
diagnosed with neurodevelopmental disorders 
such as autism. Since these gastrointestinal symp-
toms potentially impact quality of life, effective 
treatment options for these issues may provide a 
broader benefit for people with autism. It is now 
well established that genetics are a major contrib-
utor to behavioural profiles included in the ASD 
diagnostic criteria. In addition to a large number 
of gene mutations affecting neuronal communi-
cation in the brain, emerging research shows that 
several autism-associated mutations also impact 
the enteric nervous system (ENS). In preclini-
cal models, these changes are evident in both the 
myenteric and submucosal neuronal plexuses of 
the ENS, which are arranged in parallel adjacent 
to the muscular layers of the gut wall, suggesting 
that both gastrointestinal motility and gut perme-
ability as well as fluid and enzyme secretion may 
be impacted in individuals with autism. A role for 
the mucus environment, which lines the gastroin-

testinal tract and forms part of the mucosal barrier 
to pathogen invasion, is also being investigated in 
light of gastrointestinal disorders in autism. In the 
last decade, a renewed interest in understanding 
how the gastrointestinal tract communicates with 
the brain has revealed novel avenues for thera-
peutic design and optimising health. Multiple 
components of the gut–brain axis pathway appear 
to be dysregulated in autism, including inflam-
mation pathways and neuronal signalling in the 
brain, intestinal inflammation and an increased 
prevalence of gastrointestinal disorders as well 
as alterations in the composition of the microbi-
ome [2]. Although microbes undoubtedly interact 
with the host physiology [3], whether microbial 
populations in the gastrointestinal tract can be 
modulated to improve gut function in addition to 
mood and behaviour in individuals with autism 
remains unclear. In this chapter, we review cur-
rent understandings around how genetic muta-
tions resulting in impaired synaptic function alter 
the gut–brain- microbiota axis to influence gastro-
intestinal function in autism.

14.2  Gastrointestinal Symptoms 
in Autism

Gastrointestinal dysfunction is commonly expe-
rienced by individuals diagnosed with neurode-
velopmental disorders such as autism [4–8]. For 
example, individuals with autism are approxi-
mately four times more likely to be hospitalised 
for gastrointestinal problems [9]. Symptoms are 
wide-ranging and include alternating diarrhoea 
and constipation, bloating, abdominal pain, 
reflux and postprandial vomiting. In addition to 
an increased occurrence of gastrointestinal symp-
toms, individuals with ASD exhibit a higher 
prevalence for inflammatory bowel disease com-
pared to neurotypical controls [10], suggesting 
that subtle changes in the functioning of the ner-
vous system also impact immune pathways.

Many components within the multitude of 
pathways connecting microbes, the gastrointesti-
nal tract and the brain may be dysregulated in 
individuals with autism. Several preclinical 
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studies report disruptions of the ENS, including 
altered proportions of neuronal populations and 
dysmotility [11, 12], as well as gastrointestinal 
symptoms in ASD clinical populations [11, 13, 
14]. In addition, these changes likely influence 
the distribution and structure of microbial popu-
lations located in the gastrointestinal tract. Given 
that gut microbes play an important role in influ-
encing mental state and behaviour [15–19], a bet-
ter understanding of host-microbe relationships 
is needed for tackling gastrointestinal symptoms 
and behavioural issues in neurodevelopmental 
disorders. The gut–brain–microbiota axis com-
prises both the enteric and central nervous sys-
tems (including vagal and spinal nerves), the 
mucosal barrier including the mucus biofilm, and 
microbial populations located in the lumen of the 
gastrointestinal tract. Currently, an active area of 
investigation is assessing for changes in the 
mucus biofilm in preclinical models of neurode-
velopmental and other disorders since this plays 
an important role in supporting the colonisation 
of commensal microbes and components of the 
immune system.

14.3  Genetic Contributions 
to Autism

The aetiology of ASD is heterogeneous in nature, 
with a strong genetic influence. Currently, over 
1000 ASD-implicated mutations that are inher-
ited or of de novo origin are registered in the 
Simons Foundation Autism Research Initiative 
(SFARI) gene database (https://gene.sfari.org/). 
These mutations predominantly occur in genes 
involved in development, chromatin remodelling 
and neuronal communication. Many gene muta-
tions implicated in ASD impact proteins located 
at the synapse and therefore affect neuronal com-
munication, cognition and brain function [20–
29]. It has been proposed that alterations in the 
central nervous system similarly impact the gas-
trointestinal tract [11, 30, 31] and studies sup-
porting this theory continue to emerge. It is 
therefore important to understand the complex 

interactions between the ENS and bacteria in 
health and disease states.

14.4  Microbial Dysbiosis

Several studies report an altered profile (dys-
biosis) of gut microbial populations in individ-
uals diagnosed with ASD [32–34]. These 
changes may contribute to and exacerbate gas-
trointestinal symptoms in the context of autism. 
For example, microbes can modify the absorp-
tion and digestion of dietary nutrients [35], 
levels of inflammation in the periphery and 
potentially in brain tissue, and influence anxi-
ety-like behaviour in rodents [36]. Before we 
can shift microbial populations with the aim to 
improve gut health, however, it is critical to 
characterise the biological pathways involved 
and identify targets that will enable us to mod-
ulate physiological outcomes. Modifying 
microbial populations may enhance resilience 
or resistance to infection (for example, in 
response to Sars-CoV-2 infection), optimise 
gut health and overall quality of life, including 
mental health indicators.

14.5  Preclinical Studies

Studies in animal models enable factors such as 
diet, housing and even host genetics to be main-
tained, so that the impact of autism-associated 
gene mutations can be carefully examined. In 
addition to these advantages, complex behav-
ioural disorders such as autism can be modelled 
(including as endophenotypes, or subsets of 
behaviours) in rodents [37]. Behavioural testing 
batteries for these preclinical models of autism 
are well established [38] and multiple trans-
genic mouse models expressing gene mutations 
identified in individuals with ASD demonstrate 
autism- relevant phenotypes. These tools hold 
significant value for understanding the role of 
the ENS in neurodevelopmental disorders and 
the use of preclinical models hold the potential 
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to clarify biological mechanisms relevant to 
clinical cohorts.

14.6  Gastrointestinal Dysfunction 
in Patients and Mice 
Expressing the Autism- 
Associated R451C Mutation 
in Neuroligin-3

The first gene mutations identified in individuals 
with autism were shown to impact the neuroligin 
family of postsynaptic adhesion proteins [24]. 
Specifically, a truncation mutation in the Nlgn4 
gene encoding neuroligin-4 was identified in two 
children with ASD. In the same study, a missense 
mutation (R451C) in Nlgn3, which causes an 
arginine to be replaced by a cysteine at position 
451 of the neuroligin 3 protein, was identified in 
a second family, also with two children as the 
probands. Cellular studies indicated that as a 
result of the missense mutation, the majority of 
the neuroligin-3 protein is retained intracellularly 
within the Golgi complex with only 10% of typi-
cal levels reaching the cell membrane (reviewed 
in [39]). Clinical reports of the two brothers 
expressing the R451C mutation described gastro-
intestinal dysfunction, including diarrhoea and 
faecal incontinence, post-meal regurgitation, 
oesophageal inflammation, chronic intestinal 
pain, and significantly delayed bladder and bowel 
control [11]. In addition to these symptoms, one 
brother has epilepsy and one has problematic 
aggressive behaviour [24].

Mice expressing the R451C mutation are 
arguably the best studied preclinical model of 
autism. This work has clearly demonstrated that 
Nlgn3R451C mice show autism-relevant behav-
ioural traits and have altered cellular structure 
and function in the brain [22, 26, 28, 40–43]. We 
have demonstrated that Nlgn3R451C mice bred on 
a mixed genetic background have faster small 
intestinal transit and increased sensitivity to 
GABAA receptor modulators in the colon 
(Fig.  14.1; [11]). Further investigation also 
revealed altered neuronal numbers in the myen-
teric plexus of the small intestine, but not the 
colon in these mice. Significantly, the jejunum 

exhibits an increase in the proportion of nitric 
oxide synthase-labelled neurons per ganglion 
(Fig.  14.2; [11]). These neurons release nitric 
oxide, the major inhibitory neurotransmitter of 
the gastrointestinal tract. Furthermore, Sharna 
et al. [12] observed that the myenteric and sub-
mucosal plexuses of the caecum in mutant mice 
contain more total neurons and a higher propor-
tion of nitric oxide-producing neurons per gan-
glia compared to wild type littermates [12]. 
Although our work using an ex  vivo assay 
approach showed that Nlgn3R451C mice have gas-
trointestinal dysmotility, it is also important to 
examine if these changes are present in vivo (i.e. 
using techniques such as X-ray imaging of 
motility [44]). Additional research suggests that 
ablation of the Nlgn3 gene in mice also impacts 
gastrointestinal function. For example, neuroli-
gin- 3 knockout mice have an increased colonic 
diameter as measured in an ex vivo assay as well 
as a subtle increase in the velocity of colonic 
migrating complexes [45]. Overall, recent work 
has indicated that the Nlgn3 gene plays a role in 
gastrointestinal structure and function in mice 
and may therefore also be relevant to gut  
dysfunction in individuals expressing this  
mutation. More broadly, changes in the function 
of proteins at neuronal synapses may contribute 
to gastrointestinal dysfunction in autism 
populations.

In addition to the R451C mutation impacting 
the neuroligin-3 protein, other well-studied muta-
tions associated with autism in clinical studies 
include CHD8 (chromodomain helicase DNA 
binding protein 8) mutations and SHANK3 (SH3 
and multiple ankyrin repeat domains 3, also 
known as proline-rich synapse-associated protein 
2; ProSAP2). Individuals diagnosed with autism 
and expressing mutations in the CHD8 gene, 
which is involved in chromatin remodelling, 
commonly report symptoms of gastrointestinal 
dysfunction. In a study of 15 individuals, each 
carrying a single nucleotide variant in the CHD8 
gene, 80% experienced recurrent and consistent 
problems with constipation [46]. Interestingly, 
further investigation into the role of the CHD8 
gene in development showed that suppression of 
the CHD8 gene in zebrafish caused a decrease in 

S. Hosie et al.



145

Fig. 14.1 Mice expressing the R451C mutation in neuro-
ligin- 3 show increased sensitivity in the colon to GABAA 
but not GABAB receptor antagonists. Representative spa-
tiotemporal maps derived from video files of mouse colon 
motility: (a–d) WT mice; (e–h) NL3R451C mutant mice. 
Group data indicating (i) no change in the number of 
CMMCs under baseline conditions; reduced numbers of 

contractions in NL3R451C mice compared to WT in 
response to (j) 10 uM bicuculline, (k) 10 uM gabazine, 
but not (l) the GABAB antagonist CGP-35348. (CMMCs: 
colonic migrating motor complexes, also known as 
Colonic Motor Complexes; CMCs;). (Reproduced with 
permission from [11]))

gastrointestinal motility [46]. In a separate study 
of symptoms of individuals with Phelan- 
McDermid Syndrome which causes intellectual 
delay and autism symptoms, gastrointestinal 
problems including constipation, diarrhoea, 
gastro- oesophageal reflux and dysphagia were 
identified [47]. Preclinical studies also indicate a 
role for SHANK3 mutations in gastrointestinal 
dysfunction, whereby zebrafish showed intestinal 
dysmotility and a reduction in the number of 
serotonin-positive enteroendocrine cells [48]. 
Phelan-McDermid Syndrome is caused by copy 
number variations occurring on chromosome 
22q13.3 and commonly involves the SHANK3 
gene [49] which, similar to genes in the neuro-
ligin family, is important for synaptic 
transmission.

14.7  Neuroinflammation 
in Autism

Neuroinflammation (i.e. abnormal and chronic 
brain inflammation) as well as altered synapse 
function has been observed in brain tissue derived 
from individuals with autism (reviewed in Matta, 
Hill-Yardin and Crack [50]) and may result from 
prolonged microglial and astrocyte activation. 
Families of individuals with autism show a higher 
incidence of inflammatory disorders [51] and 
alterations in inflammation pathways are com-
monly reported alongside an autism diagnosis 
[50, 52]. Serum, plasma, peripheral blood mono-
nuclear cells, and even amniotic fluid samples 
from individuals with autism reveal elevated lev-
els of pro-inflammatory cytokines and chemo-
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Fig. 14.2 The autism-associated R451C mutation in the 
Nlgn-3 gene increases myenteric neuronal numbers in 
the mouse jejunum. Immunofluorescence labelling in (a) 
wild-type and (b) Neuroligin-3R451C mutant mice show 
increased total myenteric neurons (c). Jejunal neurons 
labelled for NOS in wild-type (d) and neuroligin-3R451C 

mutant mice (e) show increased numbers of NOS- 
immunoreactive neurons per myenteric ganglion in 
neuroligin- 3R451C mutant mice (f). Hu: pan-neuronal 
marker, NOS: Nitric Oxide Synthase, IR immuno-
reactive. (Reproduced with permission from Hosie  
et al. [11])

kines. Similarly, brain and cerebrospinal fluid 
from individuals diagnosed with ASD show dys-
regulation of inflammatory mediators [50]. These 
inflammatory mediators are released by immune 
cells, including microglia (brain-resident macro-
phages) and astrocytes, as well as B lymphocytes, 
T lymphocytes and mast cells. Immune cells 
undertake constant immunosurveillance of the 
tissue environment for foreign invaders and pro-
mote the recruitment or proliferation of other 
immune cells during an immune response. This 
activity can be beneficial in fighting infection, but 
harmful in the absence of a threat or injury. Since 
microglia and astrocytes play important roles in 
synapse maintenance and pruning under physio-
logical conditions, neuroinflammation can alter 
synaptic properties in neural networks. Microglia 
and astrocytes proliferate and undergo pheno-
typic changes when in a pro-inflammatory state. 
In response to inflammatory stimuli, the ramified 

branches of microglial cells retract and thicken, 
whereas cell somata elongate to enable greater 
motility. Astrocytes, in contrast, undergo cell 
hypertrophy and extend their processes under 
these conditions. These phenotypic changes can 
interfere with their homeostatic roles in synapse 
maintenance, resulting in changes in the neuronal 
circuitry. Central and peripheral increases in 
inflammation in people with autism may there-
fore contribute to altered brain function and cog-
nitive and behavioural changes.

Altered immune function has also been reported 
in a number of animal models expressing autism-
relevant gene mutations (reviewed in [50]) and 
environmental risk factors [53, 54]. Neuroligin-
3R451C mice, for example, display subtle changes in 
astrocyte and microglial cell populations in the 
hippocampus [43]. Astrocytes are reduced in size 
and have fewer processes, whereas an increased 
density of microglia in the dentate gyrus is 
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observed in NL3R451C mice [43]. Similarly, 
NL3R451C mice exhibit changes in the density and 
morphology of gastrointestinal macrophages in 
the caecum of the gastrointestinal tract [12]. 
Intestinal macrophages tolerate higher levels of 
inflammation compared to conventional macro-
phages as the gut is constantly in an inflammatory 
state. They play a complex role in immune defence 
due to the need to distinguish between foreign bac-
teria, viruses and microbes, and the commensal 
microbiota of the host. The function and localisa-
tion of intestinal macrophages is highly heteroge-
neous and different subpopulations (including 
monocyte-derived mature macrophages, mono-
cyte-derived inflammatory macrophages and self-
maintaining macrophages) play varying roles in 
gastrointestinal disorders [55]. Overall, dysregula-
tion of immune homeostasis in the gut can disrupt 
gastrointestinal motility and secretion, as well as 
CNS function via the gut-brain-microbiota axis. 
Studies in germ-free mice show disrupted blood-
brain permeability, altered synaptic plasticity and 
neurotransmitter expression, as well as immature 
microglia and impaired immune function [13, 56] 
which reinforce the critical role that microbial 
populations play in health. These studies demon-
strate that the microbiome significantly impacts 
the nervous system and immune function in par-
ticular. These findings provide an impetus to assess 
the potential for targeting dysbiosis and gastroin-
testinal inflammation as a viable avenue to treat 
neuroimmune dysfunction occurring in the brain 
in autism.

14.7.1  Altered Caecal Neuroimmune 
Interactions in Mouse Models 
of Autism

Surprisingly, the neuroligin-3 R451C mutation 
causes a robust gross anatomical phenotype in 
the caecum of mice, further suggesting neuronal 
interactions with the immune system. In short, 
mice expressing this autism-associated mutation 
have reduced caecal weight. This phenotype was 
observed in mice bred on two different genetic 
strains and persisted when these mice were main-
tained in three different animal facilities [12] 
indicating a likely impact of the gene mutation 

itself on host physiology (and not genetic back-
ground or environmental effects such as diet and 
housing conditions) as the main cause of this 
phenotype. The gastrointestinal tract is covered 
in a layer of mucus which serves as lubrication, 
physical protection from luminal contents, and a 
nutrient-rich biofilm enabling microorganisms to 
thrive. Although as yet unconfirmed, the differ-
ence observed in caecal weight may be due to a 
reduction in the mucus content within the cae-
cum. This phenomenon has been observed in a 
preclinical model of infection and is associated 
with accelerated secretion of mucin-filled vacu-
oles from the caecal epithelium in response to 
inflammatory signals [57, 58]. Within the apex of 
the caecum, mice typically have one or two lym-
phoid aggregates of gut-associated lymphoid tis-
sue (GALT), known as the caecal patch. 
Interestingly, NL3R451C mice showed alterations 
in the morphology and density of ionised calcium 
binding adaptor molecule-1 (Iba-1) immunoreac-
tive enteric macrophages (Fig. 14.3). Specifically, 
mice expressing the autism-associated mutation 
in the Nlgn3 gene had a higher density of Iba-1 
positive cells, which were smaller in volume and 
more spherical in shape compared to those seen 
in the caecal patch of controls [12]. Further inves-
tigation of caecal function is therefore warranted. 
Since the ENS is a significant regulator of gastro-
intestinal function, it is important to investigate 
how the changes in enteric neuronal populations 
affect caecal motility, secretion and mucosal 
 barrier function. It is anticipated that functional 
changes in the caecum will affect the churning of 
microbial content and digesta, the composition of 
the microbial community and metabolome pro-
duced at various gastrointestinal regions as well 
as digestion and nutrient uptake.

14.8  The Gastrointestinal Mucus 
Environment 
and Implications 
for Neurodevelopmental 
Disorders

Changes in the nervous system associated with 
neurodevelopmental disorders or neurological 
disease may also impact mucus production. The 
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Fig. 14.3 Altered gut-associated lymphoid tissue in the 
caecal patch in the neuroligin-3R451C mouse model of 
autism. All cells (labelled with DAPI; blue) and gastroin-
testinal macrophages (labelled with Iba-1; red) (a–d) in 
a representative WT sample; (e–h) representative images 
of  NL3  mutant tissue. (i–k) NL3 mutant mice show 

increased density, decreased volume and a more spherical 
morphology of Iba-1 positive macrophages. (DAPI: 
4′,6-diamidino-2-phenylindole nuclear counterstain; Iba- 
1: ionised calcium binding adaptor molecule 1; *p < 0.05, 
**p  <  0.01. (Image reproduced with permission from 
Sharna et al. [12])

mucus biofilm lining the wall of the gastrointesti-
nal tract provides an energy source and a struc-
tural niche for commensal bacteria. Modifications 
to this biofilm could therefore contribute to dys-
biosis and aberrant inflammatory responses to 
exacerbate gut dysfunction in ASD.  More 
broadly, patients with neurological disorders, 
including Parkinson’s disease, Alzheimer’s 
 disease and multiple sclerosis, frequently report 
gastrointestinal symptoms in advance of diagnos-
tic symptoms, but whether modification of the 
mucus may also impact disease progression for 
these individuals is unknown [59–69].

We propose that changes in mucosal barrier 
function are highly likely to occur in individuals 

with ASD due to altered activity of the ENS 
(Fig. 14.4; [70]). Firstly, it is expected that altered 
ENS activity can modify stem cell proliferation 
(changing the physical packing density of muco-
sal epithelial cells) and the density of mucus- 
producing goblet cells. Secondly, since neuronal 
activity also broadly drives mucus production 
from goblet cells, subtle changes in enteric neu-
ronal activity could also modify the mucus bio-
film that supports gut microbial communities. 
Thirdly, modified gastrointestinal motility has 
been demonstrated in the presence of autism- 
associated gene mutations that alter the ENS (e.g 
[11, 45, 71].). Because gut motility plays a role in 
flushing mucus along the gastrointestinal tract, 
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Fig. 14.4 Potential 
mechanisms underlying 
changes in the 
gastrointestinal mucus 
system in neurological 
disease. Neurological 
diseases that are 
established in the brain 
may be associated with 
gastrointestinal issues 
due to a shift in enteric 
neuron subpopulations 
and/or function. These 
changes could also 
impact the mucus 
system that lines the 
gastrointestinal tract and 
result in dysbiosis and 
aberrant gut function. 
SMP submucosal 
plexus; CM circular 
muscle; MP myenteric 
plexus; LM, longitudinal 
muscle. (Reproduced 
from Herath et al. [70] 
with permission)

such changes could impact mucus renewal 
(i.e.,  via  reduced motility  that may  result in an 
excess of mucus debris within the lumen, and 
excess motility potentially resulting in thinning 
of the mucus layer). Fourth, mucus production by 
goblet cells may be impaired due to changes in 
the ENS at the molecular level, since much of the 
biological machinery involved in the vesicular 
release of mucus overlaps with that utilised for 
classical neurotransmission. Fifth, alterations in 
the ENS such as those emerging in the context of 
preclinical models of autism are also anticipated 
to modify mucus volume and composition to 

cause dysbiosis and exacerbate disease-mediated 
changes.

14.9  Region-Specific Motility 
Patterns

The ENS regulates spontaneous motility patterns 
in the gastrointestinal tract and current techniques 
enable changes in the enteric neural circuitry to 
be assessed in a quantitative manner. Ex vivo 
video imaging methods enable the measurement 
of multiple parameters such as gut diameter, 
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contractile length as well as the velocity, frequency 
and magnitude of contractions in preclinical 
models. This approach has been predominantly 
used in guinea pigs [72–75] and mice [76–79], 
and has more recently been applied to transgenic 
mouse models of autism [11, 45, 71]. Since a 
large component of these studies have provided 
detailed characterisations of colonic motility, 
current work is focused on enhancing experimen-
tal protocols and edge detection software reported 
by Swaminathan et al. [80] to provide the research 
community with an open-source software pack-
age for investigating motility in other regions of 
the gastrointestinal tract. These approaches are 
useful for identifying subtle changes in motility 
profiles due to altered enteric neural circuitry 
associated with neurodevelopmental disorders. 
This is important because distinct motility pat-
terns are generated in different anatomical 
regions of the gastrointestinal tract and in combi-
nation, these regional functions enable optimal 
nutrient absorption, digestion and expulsion of 
luminal content. Alterations in these processes 
commonly correspond with microbial dysbiosis 
and dysregulation of inflammation, relevant to 
symptoms commonly reported by people with 
ASD.

14.10  Examining Microbial 
Changes 
in Neurodevelopmental 
Disorders

Gastrointestinal microbial dysbiosis is often 
correlated with the presence of neurodevelop-
mental disorders, including ASD [81]. For 
example, an increased abundance of pathogenic 
bacteria such as Clostridium, Lactobacillus, 
Corynebacterium and Sutterella have been dem-
onstrated in microbial samples obtained from 
children with autism [34, 81–84]. Alterations to 
the Firmicutes: Bacteroidetes ratio (two phyla 
that combined contribute to 90% of human gas-
trointestinal microbial bacterial populations; 
[85]) have also been observed in patients with 

ASD, with bacterial species from the Firmicutes 
phylum being more prevalent [81, 86–88]. 
Interestingly, faecal transplant of microbial 
samples from people with ASD into germ-free 
mice induced autism- relevant behaviours in the 
offspring of the mice [19], further suggesting 
that host microbial interactions are important in 
behavioural profiles.

Several studies in preclinical rodent models 
of autism have examined for gastrointestinal 
microbial dysbiosis. For instance, mice lacking 
the autism-associated SHANK3 gene as well as 
Black and Tan BRachyury (BTBR) mice (which 
show ASD-relevant behaviour) exhibit microbial 
gastrointestinal variations compared to wild-
type controls [90–92]. Multiple studies report 
microbial dysbiosis in SHANK3 mouse models 
[92–94] and reversal of dysfunctional social 
behavioural traits following administration of 
Lactobacillus reuteri has even been demon-
strated in SHANK3 knockout and BTBR mice as 
well as mice treated with the antiepileptic drug, 
Valproate [93]. In 2017, Golubeva and others 
observed an increased abundance in 
Akkermansia, Bilophila, and Desulfovibrio in 
BTBR mice compared to controls [91]. 
Clarification of the similarity and differences in 
gastrointestinal dysbiosis observed in clinical 
cases of ASD and preclinical models is emerging 
but further information in this area is  needed 
[95]. Such a comparison of microbial dysbiosis 
patterns in clinical cases of autism and relevant 
preclinical models should reveal important infor-
mation about underlying host-microbial commu-
nication and could identify shared patterns of 
dysbiosis across species.

The expression and role of ASD-implicated 
genes in the gastrointestinal tract are not well 
understood, an issue that stems primarily from a 
lack of suitable experimental tools. Advances in 
techniques to label nucleic acids (mainly mRNA) 
or proteins of interest are therefore needed to 
shed light on expression patterns and potential 
effects on the underlying ENS circuitry. These 
approaches will assist in determining the role of 
these genes in regulating neurally mediated gas-
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trointestinal physiology in neurodevelopmental 
disorders. Given that altered gastrointestinal per-
meability and secretion can impact mucus com-
position and subsequently contribute to intestinal 
dysbiosis, a next step is to begin to examine micro-
bial spatial distribution patterns to highlight how 
host-microbial interactions are altered in neuro-
developmental disorders. Although sequencing 
data show changes in microbial abundance and 
diversity, labelling of microbes using fluores-
cence in situ hybridisation can provide precise 
maps of the ‘microbial biogeography’ within the 
gastrointestinal tract [96, 97]. Implementation of 
approaches to quantify microbial distribution 
profiles in preclinical models is essential to deter-
mine host-microbial interactions in neurodevel-
opmental disorders.

14.11  Conclusion

Studying animal models of neurodevelopmental 
disorders provides important insights into how 
bidirectional communication via the gut-brain- 
microbiota axis influences gastrointestinal tract 
function, immune function and behaviour. 
Evidence suggests that changes in the structure 
and function of the ENS as well as altered inter-
actions with microbial populations in the gut 
lumen occur in mice expressing gene mutations 
associated with ASD. Accordingly, it is crucial 
to further develop preclinical knowledge around 
these interactions with the aim of translation to 
clinical practice and providing evidence-based 
therapeutic options for gastrointestinal issues in 
autism. To achieve this goal, a multidisciplinary 

Fig. 14.5 Autism-associated mutations located at neuro-
nal synapses contribute to alterations in the microbiota–
gut–brain axis. (a–c) Gene mutations identified in autism 
can impact brain and gut neuronal circuitry and contribute 
to gut dysfunction and potentially, dysbiosis. (d) Different 
anatomical regions of the gastrointestinal tract contribute 
distinct functions and may show varying susceptibility to 

dysfunction in the context of neurodevelopmental disor-
ders. (e–g) Given the need for expertise in genetics, 
microbiology, physiology, neuroscience and behaviour in 
addition to core clinical expertise, gaining an in-depth 
understanding of how microbiota–gut–brain interactions 
are altered in ASD will require multidisciplinary research 
approaches. (Figure included with permission, [89])
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research approach across the fields of genetics, 
microbiology, physiology, neuroscience and 
behaviour with core clinical understanding is 
needed (Fig. 14.5). Based on mounting evidence 
that the microbiome plays an important role in 
host physiology, the use of novel approaches to 
shift microbial populations and optimise the 
gastrointestinal environment for individuals 
diagnosed with ASD needs further 
investigation.
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15Interaction of the Microbiota 
and the Enteric Nervous System 
During Development

Jaime Pei Pei Foong

Abstract

The gastrointestinal tract contains the enteric 
nervous system within its walls and a large 
community of microbial symbionts (microbi-
ota) in its lumen. In recent years, studies have 
shown that these two systems that lie adjacent 
to each other interact. This review will sum-
marize new data using mouse models demon-
strating the concurrent development of the 
enteric nervous system and microbiota during 
key pre- and postnatal stages. It will also dis-
cuss the possible roles that microbiota play on 
influencing enteric nervous system develop-
ment and implications of antibiotic exposure 
during developmental windows.
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Antibiotics · Development

The gastrointestinal tract is home to several hun-
dred species of microbes collectively referred to 
as the microbiota. In humans, the colon harbours 
the largest microbial population (1014 bacterial 

cells) compared to the upper gut and the rest of 
the body. Although the symbiotic relationship 
between the host and intestinal microbiota devel-
oped over millions of years, we have only recently 
begun to understand its importance to the overall 
well-being of the host, instead of being regarded 
merely as pathogens. The luminal microbiota lie 
near the enteric nervous system (ENS) embedded 
in the gut wall; many studies in recent years have 
shown that there is crosstalk between microbiota 
and the ENS [4, 5, 8, 25, 26, 28, 32, 39, 45, 57]; 
however, when this interaction begins in life and 
the health implications of its disruption during 
critical developmental windows is a new research 
frontier.

15.1  The ENS and Microbiota 
Develop Concurrently

Mice have been pivotal for studying the physio-
logical significance of ENS-microbiota interac-
tions. Almost 99% of mouse genes are shared 
with humans and microbiota of mice and humans 
have many core similarities [11, 30]. Furthermore, 
the mouse is the best-studied model for the ana-
tomical and functional development of the ENS. 
This enables us to create a detailed timeline for 
key developmental milestones which show the 
concurrent maturation of the ENS and microbiota 
within the gut (Fig. 15.1). Thus, in this chapter, I 
will be focusing on gut research conducted using 
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Fig. 15.1 Developmental timeline for the mouse colon. 
This timeline summarizes and simplifies the developmen-
tal milestones for ENS and microbiota development dur-

ing embryogenesis (E0.5–E18.5), early postnatal (P0–P10) 
period, post-weaning period (P21–P49) and adulthood

the murine model which has revealed three key 
developmental windows broadly referred to as 
embryogenesis, early postnatal and post weaning 
periods.

Embryogenesis Substantial development of the 
ENS begins and occurs during embryogenesis 
[21, 22, 50, 55]. The ENS mainly derives from 
the neural crest and during embryogenesis, a 
complex array of molecular and cellular mecha-
nisms orchestrates the migration of neural crest 
cells to and within the developing gastrointestinal 
tract, proliferation of these precursors and differ-
entiation into neuron and glial subtypes [24, 43]. 
The mature ENS comprises a large variety of 
enteric neuronal and glial subtypes which are dif-
ferentiated by various properties, including sub-
type specific function, electrophysiology, 
neurochemical coding and morphology [16–18]. 
But, each of these identifying properties seems to 
have a staggered appearance during develop-
ment, and when each neuronal/glial subtype has 
completed the collection of their unique proper-
ties remains unclear [21, 53]. Furthermore, 
enteric cells can express certain properties such 
as morphology and neurochemistry only tran-
siently during development. It was only discov-
ered in the last decade that young enteric neurons 
are electrically active early during embryogene-
sis long before coordinated neurally mediated gut 
motility has commenced. These embryonic neu-
rons have begun to form functional connections 

with each other through neurotransmitters such 
as acetylcholine and 5-hydroxytryptamine 
(5-HT) and their early communication is postu-
lated to affect the survival of later born enteric 
neurons [14, 19, 20, 23, 37].

Opposed to the decades of dedicated research 
which gave rise to a generally unified understand-
ing of ENS development. There has been intense 
debate over 100  years about whether the foetal 
environment is sterile and whether there are 
microbiota transferred from mother to foetus in 
utero [48]. Some studies report that in normal 
pregnancies, the placenta, amniotic fluid and first 
stool of the infant (meconium) contains microor-
ganisms that are not harmful to the foetus, thus 
raising the possibility that the foetus may have 
already encountered bacteria [1, 27, 31]. 
Nonetheless, the vast majority of research indi-
cates that a foetus normally develops in a sterile 
environment, notably a recent heroic study exam-
ined placenta samples from 537 women to dem-
onstrate that there are indeed no bacteria in 
healthy placenta [7, 48]. Yet, this was immedi-
ately challenged by another study identifying 
viable bacteria from murine and foetal tissues 
[59]. Hence, this issue remains contentious and 
an area of active research.

Early Postnatal Period In an earlier book chap-
ter [12], I discussed the emerging research on the 
postnatal development of the murine ENS. The 
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first ten days of life (postnatal day, P0–10) in the 
mouse, which represents the early postnatal 
period, is a critical time for ENS development. 
The motility patterns of the colon and its main 
underlying neuronal circuitry within the myen-
teric plexus are still maturing [52]. Significant 
numbers of myenteric neurons are still being 
born (exiting the cell cycle), acquiring their neu-
rochemistry and undergoing substantial matura-
tion in their morphology and electrophysiological 
properties [3, 13, 14, 34, 49, 54]. Little is known 
about the maturation of the other division of the 
ENS, the submucous plexus, but, what we do 
know is that submucosal neurons are still devel-
oping, and that they tend to differentiate later 
than myenteric neurons [35, 38, 49, 54].

Early postnatal life is the critical period for 
colonization and establishment of microbiota. At 
birth, the intestines of infants are rapidly colo-
nized by bacteria from their immediate environ-
ment which is the mother’s vagina or skin, 
depending on the mode of delivery [42]. Like 
humans born of natural birth, the microbiome of 
the newborn mouse colon has a similar composi-
tion to that of their mother’s vagina. An initial 
bloom of Streptococcus occurs after birth and is 
replaced by Lactobacillus after postnatal day (P) 
3 [46]. Then, many other environmental factors 
contribute to the development of microbiota, 
including whether babies are fed breast milk or 
formula [42].

Post-weaning Period The post-weaning period 
is defined as the period during and immediately 
after weaning. Mice have a shorter and more 
accelerated early life compared to humans, and 
adolescence or puberty can begin in mice as early 
as postnatal day (P) 18–28, when juvenile mice 
are weaned from the female dam [11, 36]. The 
vital components of the ENS would have been 
acquired during embryogenesis and early postna-
tal life. Post-weaning development is likely to 
involve continued formation of synapses in the 
enteric network that commenced in earlier stages 
and fine-tuning of the circuit connections that 
underpin maturation of gastrointestinal func-
tions. Indeed, the electrophysiological properties 

and synaptic profile of enteric neurons, particu-
larly those that are characteristic of the intrinsic 
sensory neurons of the circuitry, are still imma-
ture at P10 [13]. We have recently shown that 
between pre-weaning and post-weaning periods, 
there is significant maturation in the somata size 
of enteric neurons and numbers of synaptophy-
sin+ varicosities closely apposed to their cell 
bodies. The architecture of the enteric plexi is 
still maturing as the ganglia containing neurons 
and glia are stretched further apart during devel-
opment. While there is no appreciable change in 
neurochemistry of myenteric neurons, substantial 
maturation in submucosal neurochemistry still 
occurs during the post-weaning period [47]. 
Further, Schwann cell-derived enteric neurons in 
the distal parts of the gastrointestinal tract, and 
S100β  +  glia that are found in the intestinal 
mucosa are all still developing during the post- 
weaning period [28, 54].

In humans, major shifts in microbiota occur 
during and after weaning, due to the transition 
from mother’s milk to solid food [30]. 
Unsurprisingly, in mice, we observe significant 
increases in abundance and communities of 
microbiota between P10 and P42–49 (6-weeks of 
age) [26].

15.2  Role of Microbiota 
on the Developing ENS

Although the ENS and microbiota develop con-
currently within the gastrointestinal tract espe-
cially during the early postnatal period, the 
crosstalk between the two systems and how the 
microbiota contributes to the development of the 
ENS remains unclear. A study using germfree 
mice showed that the ENS in the small intestine 
of these mice is abnormal at P3 [5]. Whether dis-
ruption to the developing ENS is due to the lack 
of microbiota is unclear as other systems are sig-
nificantly perturbed in germ-free mice [58]. 
Moreover, as the germfree mice were only exam-
ined at P3, thus it may be possible that the ENS 
has been disrupted earlier during embryogenesis. 
Recent work from my group shows that oral 
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administration of the antibiotic, vancomycin, to 
neonatal mice daily from birth to P10 disrupts 
their colonic microbiota (dysbiosis), motility, 
myenteric neurochemistry and activity [25]. 
While this supports the view that microbiota is 
important in supporting ENS development, the 
possibility that the antibiotic itself could have 
toxic effects directly on the ENS cannot be 
excluded.

There are only a couple of studies from other 
groups that have examined the role of microbiota 
in ENS development, and they studied later 
stages of postnatal development. Microbiota dys-
biosis has been shown to impair gut neuromuscu-
lar function in 3-week-old male mice [4]. Another 
study showed that gut microbiota controls the 
influx of enteric glial cells into the lamina propria 
of the small intestine by comparing adult germ-
free mice with those raised in a specific pathogen- 
free environment [28]. More recently, we exposed 
mice to vancomycin during the post-weaning 
period and showed that the significant shifts in 
microbiota communities were accompanied by 
disruptions to neurochemistry and function of 
myenteric and submucosal neurons leading to 
dysmotility in mice [26]. Interestingly, compared 
to our work with the same antibiotic exposed in a 
different developmental window [25], we found 
that the impact of vancomycin appeared to be 
greater when administered during the early post-
natal compared to the post-weaning period.

There is very little understanding of the mech-
anisms in which microbiota influences ENS 
development. Work on the adult ENS has shown 
that microbes signal to the ENS by modifying 
5-HT metabolism and signalling from the mucosa 
[8, 51, 57]. Although our work on neonatal mice 
ENS seems to be in agreement to the adult stud-
ies by showing antibiotic-induced perturbation in 
the mucosal levels of the 5-HT metabolite, 
5-HIAA [25], more studies investigating how the 
microbes signal to the developing ENS via 5-HT 
or other processes is warranted. Adult studies 
have also revealed other mechanisms by which 
microbiota signal to the ENS, including toll-like 
receptors, microvesicles, transcription and neuro-
trophic factors, various microbial metabolites 
and mediators released from enteroendocrine 

cells and immune system that could serve roles in 
the developing microbiota-ENS crosstalk [15]. 
Further, while collective studies so far have sup-
ported the view that microbiota plays important 
roles mediating ENS development, the possibil-
ity that antibiotics can have direct toxic effects on 
the ENS cannot be excluded [10].

15.3  Implications of Antibiotic 
Exposure During Critical 
Developmental Windows

Antibiotics were developed and used as medi-
cines around the 1940s, and they soon earned the 
title of “miracle cure” by effectively treating 
infections, thereby leading to a dramatic decrease 
in death rates and serious illnesses. Although 
antibiotics are necessary in many circumstances, 
they are not harmless and may have negative 
health consequences especially when used during 
critical developmental windows.

Healthy pregnancies are accompanied by 
increased numbers of bacteria and dramatic 
changes in gut microbiota composition from the 
first to the third trimester, which can persist till at 
least one month after delivery [29, 44]. Several 
antibiotics are considered safe for use during 
pregnancy, and they account for 80% of all pre-
scribed medication to pregnant women [33]. 
Recent startling findings show that maternal 
exposure to antibiotics, even before pregnancy, is 
associated with an increased risk of childhood 
hospitalized infections, including gastroenteritis 
[40]. Moreover, maternal antibiotics have been 
linked to childhood obesity [41, 44]. More 
recently, maternal microbiota and their metabo-
lites have been shown to significantly impact the 
development of the foetal brain [56]. However, 
the impact of maternal antibiotics during preg-
nancy on the growing foetus, especially its ENS, 
is massively understudied.

Infants and young children have the highest 
antibiotic exposures globally [2]. Exposure to 
antibiotics early in life has been linked to 
increased susceptibility to several diseases such 
as functional gastrointestinal disorders, obesity, 
metabolic dysfunction and allergies later in life 
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[6, 9, 42]. Yet, the lasting impact of early life anti-
biotic exposure on host physiology, and how anti-
biotics given during critical developmental 
windows may predispose the host to gastrointes-
tinal disorders is currently unknown.

15.4  Conclusions and Future 
Directions

The gastrointestinal tract is an organ where mul-
tiple systems coexist, and it is not a coincidence 
that the microbiota and ENS develop concur-
rently. Future studies should aim to provide 
mechanistic insights into the crosstalk between 
the microbiota and ENS during various develop-
mental windows. Antibiotics are important drugs 
especially for their life-saving qualities. 
Identifying how antibiotic usage during critical 
developmental windows affects the host would 
advance antibiotic therapy by revealing preventa-
tive measures against its unwanted side effects 
and improve the short- and long-term health and 
well-being of our next generation.
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16Comparative and Evolutionary 
Aspects of the Digestive System 
and Its Enteric Nervous System 
Control

John B. Furness

Abstract

All life forms must gain nutrients from the 
environment and from single cell organisms to 
mammals a digestive system is present. 
Components of the digestive system that are 
recognized in mammals can be seen in the sea 
squirt that has had its current form for around 
500my. Nevertheless, in mammals, the organ 
system that is most varied is the digestive sys-
tem, its architecture being related to the 
dietary niche of each species. Forms include 
those of foregut or hindgut fermenters, single 
or multicompartment stomachs and short or 
capacious large intestines. Dietary niches 
include nectarivores, folivores, carnivores, 
etc. The human is exceptional in that, through 
food preparation (>80% of human consump-
tion is prepared food in modern societies), 
humans can utilize a wider range of foods than 
other species. They are cucinivores, food pre-
parers. In direct descendants of simple organ-
isms, such as sponges, there is no ENS, but as 
the digestive tract becomes more complex, it 

requires integrated control of the movement 
and assimilation of its content. This is achieved 
by the nervous system, notably the enteric ner-
vous system (ENS) and an array of gut hor-
mones. An ENS is first observed in the phylum 
cnidaria, exemplified by hydra. But hydra has 
no collections of neurons that could in any 
way be regarded as a central nervous system. 
All animals more complex than hydra have an 
ENS, but not all have a CNS. In mammals, the 
ENS is extensive and is necessary for control 
of movement, enteric secretions and local 
blood flow, and regulation of the gut immune 
system. In animals with a CNS, the ENS and 
CNS have reciprocal connections. From hydra 
to human, an ENS is essential to life.

Keywords

Evolution · Digestion · Paramecium · Diet · 
Cucinivores · Cnidaria · Enteric nervous 
system

16.1  Nutritional Strategies 
of Simple Life Forms

Cells, the basic units of all complex life forms, 
emerged some 3.5  billion years ago (bya). The 
first cells (the prokaryotes, that include bacteria 
and archaea) had a surrounding membrane, but 
nothing obvious to separate cellular tasks. 
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Prokaryotes gain nutrient molecules from the 
environment through diffusion, membrane trans-
porters and specialized pores. About 1.6–2.1 bya, 
eukaryote cells arose, in which functions are sep-
arated into compartments that are commonly sur-
rounded by membranes within the cell, for 
example, genetic machinery was concentrated in 
the nucleus and energy production in the mito-
chondria. The single-celled eukaryote, parame-
cium, exhibits the first structurally identifiable 
digestive apparatus, including a mouth region 
and an anal region [4] (Fig. 16.1). These organ-
isms engulf small particles from the aqueous 
environment in which they live and transport 
them into food vacuoles where the particles are 
exposed to digestive enzymes.

Multicellular organisms developed from sin-
gle cells some 1.2 bya. The earliest multicellular 
members of the animal kingdom are the sponges 

(porifera), the oldest of which appeared some 
540–650 mya. These animals have a very simple 
body plan; their bodies are made of two surface 
cell layers with a jelly-like substance in between, 
which contains some individual cells derived 
from the surface. The two cell layers define 
these as diploblasts. The pores from which the 
sponge gets its name (porifera = pore bearing) 
are of two types, pores through which water 
bearing nutrients flow in and pores through 
which water flows out [58]. The entrance pores 
are connected by canals to chambers where 
absorption of nutrients occurs, and the cham-
bers open into broader exit pores (Fig.  16.1). 
The direction of flow is determined by active 
pulsatile movements of the canals and the move-
ments of brush-like processes of cells in the 
walls of the pores and chambers. These animals 
have no nervous system.

Fig. 16.1 Digestive systems: from paramecium to 
human. The single celled paramecium has an identifiable 
mouth part and anal excretory mechanism. The sponge, 
shown in cross section, has mouth, anus and a digestive 

chamber. The sea squirt that has maintained its form for 
500 my, has equivalents of mouth, stomach, intestine and 
rectum. The pattern common to most mammals is seen in 
modern humans
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A next level of digestive system complexity 
was reached in the phylum Cnidaria, about 500 
mya. This phylum includes Hydra and the corals, 
Anthazoa [57], the first multicellular species with 
readily identifiable neurally regulated digestive 
systems. Hydra has a digestive tube which con-
tracts under the influence of nerves and can in an 
organized way admit food and expel waste [59, 
60].

Multicellularity provides a challenge for 
access of cells to nutrients as animals became 
bigger and more complex. This was solved by the 
evolution of the three-layered embryo, in which 
internal surfaces could be developed to accom-
modate a circulatory system. The epithelium of a 
diploblast is a continuous layer around the out-
side, as in the sponge or Hydra (Fig.  16.1), 
whereas the triploblast has an external epithelium 
and several internal epithelia. It is in triploblasts, 
the sea squirts (e.g. Ciona intestinalis), that we 
encounter the most ancient animals to have a 
digestive tract with identifiable homologues of 
the mammalian digestive tract: mouth, oesopha-
gus, stomach, intestine, rectum and anus 
(Fig.  16.1). Ciona have an enteric nervous 
system.

Thus, a differentiated gastrointestinal tract 
whose structure and function has resemblance to 
the mammalian gastrointestinal tract can be 
traced back more than 400 million years. Also the 
primitive placazoans (Tricoplax) are flat multi-
cellular organisms that absorb nutrients through 
their surfaces and truly lack a tubular digestive 
system.

16.2  Design Features 
of the Vertebrate Digestive 
System

16.2.1  Nutrient Exchange

By having a cardiovascular system that can 
deliver nutrients to all the cells and organs of the 
body, vertebrates can attain the enormous sizes of 
extant whales and elephants or the prehistoric 
brontosaurus. We must now concern ourselves 
with how the animal gets the nutrients to the 

insides of the blood vessels from the external 
environment, and eventually from the blood to 
the tissues. Vertebrates obtain nutrition through 
the lungs and digestive system, each of which has 
a highly permeable external epithelium (derived 
from ectoderm) and only a very thin layer of 
mesoderm separating this surface from the endo-
derm that lines the smallest blood vessels, the 
capillaries. For the lungs, the external surface is 
bathed in air, from which oxygen is taken up into 
the blood capillaries. For the digestive system, 
the lining of the intestine is bathed in a watery 
solution containing digested nutrients derived 
from the food. It is relevant that the lungs develop 
as outgrowths of the digestive tract.

The main nutrient absorptive surface within 
our digestive system is found in the small intes-
tine. The lining epithelium has only a fragile 
single layer, beneath which are the absorptive 
vessels of the vascular system, lymphatics and 
blood capillaries. Between the external epithe-
lium (digestive tract lining) and the internal epi-
thelium (capillary or lymphatic vessel lining) 
there is very little, an extracellular protein-rich 
gel and a small number of connective tissue cells. 
To be able to absorb all the necessary nutrients, 
the human small intestine presents a surface 
membrane area of about 60  m2 to its contents, 
making it the largest vulnerable surface of the 
body; the total surface of the gastrointestinal tract 
that faces the external environment is about 
100 m2, with some estimates up to 400 m2, com-
pared to 2 m2 of skin [24]. The surface that faces 
the external environment is substantially 
increased by the presence of villi and crypts in 
the small intestine and by microvilli at the sur-
faces of the cells making up the lining.

16.3  Comparisons of Digestive 
Strategies in Mammals

Different mammalian species have adapted to 
consume different types of food [20]. Conversely, 
adaptations to different foods have constrained 
the digestive systems of species, which is 
reflected in digestive tract anatomy (Fig.  16.2). 
That digestive physiology and anatomy imposes 
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dietary restriction is exemplified by ruminant 
dependence on low protein fibrous plant material, 
the cat being an obligate carnivore, specialist 
feeders being reliant on nectar, and the koala sub-
sisting on a diet almost exclusively of eucalyptus 
leaves. In the wild, a modern human could not 
exist on the diet of a sheep, koala or panda. And a 
koala or cat could not exist on the diet of a deer or 
a cow. The differences in the diets that animals 
prefer or are obliged to eat have led to the classi-
fication of animals by their dietary specialization 

as carnivore, omnivore, herbivore, folivore, frugi-
vore and so on.

Mammals lack cellulases and thus bacteria are 
essential to the breakdown of plant cell walls in 
the diet. Most herbivores solve the problem of 
digesting plant cells by holding food in capacious 
gut reservoirs (Fig. 16.2) and enlisting the aid of 
cellulolytic, pectinolytic and xylanolytic bacteria 
that are adapted to breakdown of plant cell walls. 
Foregut fermenters include ruminants, such as 
cattle and sheep, that have multichambered 
 stomachs, and kangaroos, colobus monkey and 

Fig. 16.2 Comparisons of digestive tracts of animals 
with different diets and different digestive strategies. The 
modern human is a cucinivore, having adopted a diet in 
which prepared foods account for 70–80% or more of 
energy intake. The chimpanzee is an omnivore that has a 
diet dominated by leaves and other vegetable matter, with 
a substantially larger colon than its close relative, human. 
The pig is an omnivore with substantial colonic fermenta-
tion supplying energy-rich fatty acids. The dog, a carni-
vore, has a small caecum and a colon which extracts little 
energy from food. The giant panda has retained a carni-
vore gut form, despite having adopted a diet of leaves and 
shoots. It has no caecum, and the junction between small 

and large intestine (arrow) is not obvious. Bovines and 
horses are grazing herbivores that have adopted different 
strategies to utilize bacterial breakdown of plant cell 
walls, the bovine being a foregut fermenter and the horse 
a hindgut fermenter. The compartments of the ruminant 
stomach are labelled: rumen, reticulum (Ret), omasum 
(Om) and abomasum (Abom). The horse has three expan-
sions of the large intestine, the caecum (Cec), right ventral 
colon and right dorsal colon. The koala eats eucalyptus 
leaves, which are rich in tannins and potentially toxic oils. 
It has an extensive large bowel, and very slow transit 
times. Its large bowel harbours tannin-metabolizing 
bacteria
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other species that have an enlarged single cham-
bered forestomach. Hindgut fermenters include 
horses, most rodents, rabbits and rhinoceros. In 
addition to ruminants, non-ruminant foregut fer-
menters and hindgut fermenters, a fourth herbi-
vore specialization is to possess a very long small 
intestine in which microbial digestion can pro-
ceed. Such an intestine occurs in the black bear. 
Sheep have both a ruminant stomach and an 
exceedingly long small intestine, and bovines 
have both a rumen and an enlarged colon 
(Fig. 16.2).

16.3.1  Ruminant Foregut Fermenters

Ruminants are able to utilize one of the most 
abundant sources of carbohydrate on the planet, 
grasses, because the rumen holds large popula-
tions of bacteria that are adapted to breakdown of 
plant cells (cellulolytic and xylanolytic and pecti-
nolytic bacteria). A cost of microbial reliance for 
herbivorous species, especially foregut fermen-
ters, is that the anaerobic bacteria within the 
rumen or other fermentation reservoirs utilize 
almost all the plant carbohydrate, including sim-
ple sugars. From this carbohydrate, ruminal bac-
teria produce short chain fatty acids (SCFA), 
notably acetate, propionate and butyrate, plus 
ethanol, hydrogen, methane and CO2. Bacterially 
produced SCFA must be absorbed across the gut 
wall and converted enzymatically to glucose and 
other products, a net energy cost to the host [61]. 
Thus, ruminants are more prone than other 
groups to enter into negative glucose balance, for 
example, during lactation, soon after giving birth 
[29]. Foregut fermenters are also advantaged by 
being able to readily utilize vitamins produced by 
bacteria, particularly B vitamins [62]. For this 
reason, ruminants do not require B vitamins in 
the diet. It is thought that eating faeces (coproph-
agy) by hind-gut fermenters, such as rabbits, 
 provides access to such vitamins. Foregut fer-
mentation also contributes to detoxification, for 
which hindgut fermenters and primarily enzy-
matic digesters rely mainly on the liver. For 
humans detoxification is additionally achieved 
by cooking food.

It is notable that all mammals lack cellulases, 
and that in animals with only hind-gut fermenta-
tion, and short hind-guts, such as cats, cell walls 
are essentially indigestible. By contrast, cellu-
lases are present in some invertebrates [66].

The capability of ruminal bacteria to digest 
protein is limited. High amounts of protein 
putrefy in the rumen and produce potentially 
toxic by-products, including ammonia, phenols, 
indoles, amines and amino acids, poisoning the 
host [6, 8]. For humans, it has been suggested 
that high protein diets, particularly high protein/
low carbohydrate diets, can result in excess pro-
tein reaching the colon where it ferments to pro-
duce injurious sulphides, ammonia, phenols and 
indoles [70].

Non-ruminant foregut fermenters, such as 
kangaroos, are less efficient than ruminants for 
two reasons, the lack of rumination and the 
absence of efficient sorting that allows digested 
material to be moved on while undigested mate-
rial is more or less retained [10].

16.3.2  Autoenzyme Digesters: 
Carnivores, Omnivores 
and Cucinivores

By autoenzyme digesters is meant those species 
that have considerable reliance on fore and mid 
gut digestion, utilizing enzymes that they them-
selves produce, rather than relying on bacterial 
enzymes. Examples are humans, pigs, practically 
all carnivores and rodents. These species com-
mence the digestive process by mastication in the 
presence of salivary enzymes, primarily amy-
lases. They have simple stomachs that subject the 
masticated food to acid hydrolysis and exposure 
to enzymes, primarily proteases. Gastric acidity 
and proteases also kill the majority of bacteria in 
the food. As in ruminants, the stomach has a res-
ervoir function and, as in ruminants, the stomach 
sorts digested from non-digested foods, in this 
case by trituration. In humans, antral contractions 
massage and push the contents towards the 
pyloric sphincter, and triturated aspirates con-
taining only small particles, less than about 1 mm 
in diameter, are propelled into duodenum [41].
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Further autoenzymatic digestion occurs in the 
small intestine, utilizing enzymes released from 
the exocrine pancreas and those in the gut wall, 
especially in the glycocalyx of enterocytes. The 
pancreatointestinal enzymes include a range of 
proteases (trypsins, chymotrypsins, carboxypep-
tidases), carbohydrases (amylases, disacchari-
dases) and lipases. The effectiveness of lipases is 
enhanced by emulsification of fats by bile salts. 
None of these enzymes is able to digest plant 
walls or plant wall components, such as pectin 
and cellulose; pectinases and cellulases being 
absent. On the other hand, indigestible plant car-
bohydrate can influence the digestion of other 
dietary components. Pectin binds cholesterol, 
tends to reduce plasma cholesterol and may slow 
glucose absorption by trapping carbohydrates 
[9].

The large intestines of autoenzyme digesters 
differ considerably between omnivores, in which 
the large intestine can be capacious, as in the pig, 
and include a significant caecum, as in the rat and 
guinea pig. It is not until the substantially digested 
food reaches the caecum and colon that signifi-
cant populations of bacteria are encountered in 
omnivores. The populations of hind gut bacterial 
colonies express digestive enzymes similar to 
those found in the rumen, and in the caecum and 
colon of hind gut fermenters. Carnivores have 
relatively short hindguts (Fig.  16.2), which are 
often continuous with the small intestine, and in 
external features and diameter are similar to the 
midgut [62]. Most carnivores have little need or 
ability to handle carbohydrate.

16.3.3  Cucinivores

Modern humans have escaped the restrictions 
they would encounter in the wild to become 
cucinivores, that is consumers of cooked or oth-
erwise prepared foods [20, 22]. It is estimated 
that 80–90% of food that is cooked in modern 
societies is pre-processed [64]. Before they were 
able to prepare and cook foods, many of the 
major nutrient sources used by modern humans 
were less readily available or unavailable [14]. 
The most obvious example is grains, which only 

became a common food source for humans about 
10,000–30,000 years ago, with the development 
of grinding to create flour, and the use of cooking 
[23]. Grains, that were formerly poorly accessi-
ble food sources, account for up to 70% of dietary 
intake in modern societies [12]. Mechanical 
break-up and cooking also provided access to the 
starches of underground storage organs (USOs), 
such as potatoes and yams.

Cooking, food preparation and storage have 
contributed to extending the environmental range 
of human habitation and, it can be argued, have 
allowed humans the time to develop technologies 
and eventually modern civilization. Humans have 
consumed cooked foods for around 300,000–
400,000 years, perhaps 12,000 generations, and 
no groups of humans who live without cooking 
have been recorded [67, 69]. Humans also initiate 
food breakdown through storage, such as by 
hanging meat, drying in the sun, fermentation, or 
prolonged marination (e.g. civet de lièvre), and 
by pounding and grinding. Cooking changes the 
palatability, digestibility and texture of food, and 
removes toxins. This history may have influenced 
humans to have alimentary tracts that are quite 
different to that expected of an anthropoid pri-
mate. In humans, the colon represents only 20% 
of the total volume of the digestive tract, whereas 
in hominid apes, it is about 50% [48, 49]. The 
sizeable colons of most large-bodied primates 
permit fermentation of low-quality plant fibres, 
allowing for extraction of energy in the form of 
SCFAs [45]. Thus, humans are relatively poor 
amongst autoenzyme-dependent omnivores in 
digesting uncooked plant fibre. The human large 
intestine lies somewhere between that of the pig, 
an omnivore with similar digestive apparatus to 
human, and the dog, a carnivore capable of con-
suming an omnivore diet that has a very small 
caecum and short colon, like human (Fig. 16.2). 
Evidence for this trend is that hind gut absorption 
of SCFA accounts for 2% of maintenance energy 
for dogs, 6–9% for human and 10–31% for pigs 
[62]. In horses, it provides 46% of maintenance 
energy requirements. A further adaptation to 
softer foods is the smaller molars and reduced 
bite strength in humans compared to other pri-
mates [17]. The smaller gastrointestinal tract of 
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humans requires smaller abdominal and pelvic 
cavities [2], which may be an advantage to a 
mammal that stands erect.

The extreme changes in diet in the last 
50–60 years, especially foods high in animal fats, 
high in simple readily assimilated sugars, high in 
salt and high in foods cooked at high temperature 
have arguably been detrimental to human health 
[23].

16.3.4  Extremes of Diversity

The koala, which eats a diet exclusively of euca-
lyptus leaves, has a number of anatomical, physi-
ological and microbial hosting adaptations [7]. 
The koala caecum is the largest of any mammal 
in relation to body size (Fig. 16.2), and mean gas-
trointestinal retention time is the longest known 
amongst mammals. Eucalyptus leaves contain 
high levels of tannins, and the pure eucalyptus 
leaf diet would be toxic for other mammals. 
However, the koala’s large intestine is colonized 
by tannin-digesting bacteria, including 
Lonepinella koalarum, discovered in the koala 
and perhaps unique to this species [7]. Mother 
koalas are observed to feed their young a fecal 
paste that is presumably a mechanism to ensure 
colonization with bacteria appropriate to their 
diet.

The giant and red pandas diverged separately 
from earlier carnivores, to become species that 
consume an almost exclusively (99%) plant diet 
[35, 38, 52]. In parallel with the sweet taste 
receptor being a pseudogene in the cat, an obli-
gate carnivore, in the herbivorous giant and red 
pandas the umami receptor for the savoury taste 
of meat is a pseudogene [35, 71]. The giant and 
red pandas belong to different carnivore families 
(Ursidae and Ailuridae, respectively) and it 
seems certain that the pseudogenes arose inde-
pendently, as the mutations in the two species are 
distinct. We can conclude that pseudogenization 
of taste receptors is related to disuse in cats and 
pandas. Despite its diet, the giant panda has a 
simple stomach and short gastrointestinal tract 
typical of carnivores (Fig. 16.2) [15, 56], and it 
needs to eat large amounts of bamboo to survive 

because of the inefficiency of its carnivore diges-
tive tract to digest bamboo. The giant panda ali-
mentary tract clearly has not adapted during an 
estimated period of 2–2.4 my of exclusive bam-
boo diet [38], although there has been evolution 
of dentition to a herbivore type [15].

16.4  The Enteric Nervous System

The gastrointestinal tract has dual, extensive sys-
tems to control its functions and to balance its 
activities in relation to the whole body, the ENS, 
reviewed below and the gut enteroendocrine sys-
tem, a collection of hormone secreting cells, also 
in the gut wall [30]. The gut enteroendocrine sys-
tem comprises tens of thousands of cells dis-
persed through the lining of the gastrointestinal 
tract. These release hormone messengers that 
subserve three major roles: control of the inges-
tion of food; control of the digestion of the food; 
and control of metabolic functions. To do this, 
gut hormones act locally, on other regions of the 
digestive tract and on other organs, notably the 
brain, pancreas and liver.

16.5  Essential Nature of the ENS

The ENS has been called the brain in the gut, or 
the second brain [28], although in an evolution-
ary sense, it can be regarded as the first brain 
[25]. It contains entire neural circuits for physio-
logical control, the gastrointestinal tract being the 
only organ with its own extensive intrinsic ner-
vous system (there are also intrinsic ganglia in 
the airways and heart).

The ENS is essential to normal life, as indi-
cated by the high morbidity or mortality associ-
ated with congenital or acquired dysfunction of 
this system. In Hirschsprung disease, the ganglia 
of the ENS fail to develop in the distal bowel, but 
all other tissue components are intact and func-
tional. No propulsive activity occurs in the agan-
glionic bowel, and the newborn child will die if 
untreated. Rescue of these children requires 
removal of the section of bowel without enteric 
neurons and a re-joining of the ends of the intact 
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bowel. The ENS of hydra, like that of human, is 
essential to life and neurons must be intact for 
adequate peristaltic movements of the gut tube to 
occur [59]. Without an ENS, the hydra will die, 
but can be kept alive by placing fresh food into 
the body cavity using a fine pipette. Degeneration 
of enteric neurons of the colon in Chagas disease, 
which is precipitated by infection with the proto-
zoan Trypanosoma cruzi, causes colorectal pro-
pulsion to fail and megacolon to develop in 
adults, which is similar to this problem associ-
ated with Hirschsprung disease in children. The 
bowel with a deficient enteric nervous system 
needs to be removed.

Failure of the ENS to control fluid movement 
between the intestinal lumen and body fluid com-
partments is also life-threatening. Fluid move-
ment across the epithelium lining the gut is 
controlled by enteric neurons that are pathologi-
cally activated by certain infective agents or their 
products. These pathogens, including Vibrio 
cholerae (which secretes cholera toxin) and rota-
virus (which secretes an enterotoxin), act directly 
on enteric neurons and the epithelium itself, trig-
gering hypersecretion and subsequent diarrhea. 
Infectious diarrhea causes over 1.5 million deaths 
a year, primarily in underdeveloped tropical 
countries [55].

16.5.1  Evolution of the Enteric 
Nervous System

The animals with a nervous system whose form 
can be traced back furthest are cnidarians, exem-
plified by the genus Hydra (500 mya). The cni-
darian ENS is distributed as several hundreds of 
neurons that form a meshwork within the wall of 
the gut tube, but there is no evidence of the for-
mation of specialized aggregations of neurons 
(head ganglia) that might be a first stage of brain 
formation [31, 32]. The neuronal plexus extends 
into the tentacles that sweep water and nutrients 
into the gut tube. The individual neurons of the 
cnidarian nervous system contain neurotransmit-
ters, including catecholamines, 5-HT and neuro-

peptides, with synaptic specializations between 
the neurons [27, 39, 68].

Propulsive and mixing movements are 
observed in normal hydra in response to nutrients, 
but not to non-nutrients placed within the hydra 
digestive cavity. Thus it is clear that hydra have 
nutrient detectors and that neurons of the hydra 
enteric nervous system react to the introduction of 
food [59]. Therefore, like mammals, the enteric 
nervous system of hydra has sensory and motor 
neuron functions, which, given that the hydra 
enteric nervous system contains synaptically con-
nected neurons, suggests that there may be sepa-
rate sensory and motor neurons, and perhaps 
interneurons. In normal hydra after food has been 
digested (6–9 hours after feeding), circumferen-
tial and longitudinal movement of the body wall 
expels the residuum (cnidarian feces) into the 
environment. This suggests that, directly or indi-
rectly, the hydra ENS detects products of diges-
tion and the decline in nutrient concentration. 
Thus the cnidarian ENS, like the mammalian 
ENS, is programmed to direct a range of move-
ments: peristalsis, mixing movements and expul-
sion. Lack of an ENS is incompatible with life in 
this most primitive of animals that has a nervous 
system, as it is in humans, who cannot survive the 
congenital lack of an enteric nervous system.

Other invertebrates, including echinoderms 
[26], acorn worms [40], cephalopods [3], gastro-
pod molluscs [37, 53] and annelid worms [36] 
also have an ENS, some of which have architec-
tures reminiscent of that of vertebrates, including 
human (Fig. 16.3). However, the ENS of insects 
has diverged from that of other invertebrates, in 
that enteric neurons are in ganglia and along 
nerve strands on the surface of the gut, rather 
than being embedded in its wall [13, 50]. In snails 
[1, 46], two layers of ganglia, identified as myen-
teric and submucosal ganglia, as is observed in 
other invertebrates and in mammals (Fig. 16.3), 
have been described. Nerve tracing studies indi-
cate that ganglionic clusters of molluscs, includ-
ing the stomatogastric ganglia, project axons to 
the digestive tube, perhaps making connections 
with enteric neurons [47].
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Fig. 16.3 Comparison 
of the ENS of a hydra 
and of an echinoderm, 
animals that do not have 
a CNS, with human and 
octopus, both of which 
have a CNS. Each 
diagram represents the 
gut wall in transverse 
section, with nerve cell 
bodies shown with their 
processes in black. In 
each of the four species 
there is an ENS that 
provides innervation of 
the muscle of the gut 
wall. There is detailed 
knowledge of the 
projections and 
connections of enteric 
neurons in human and 
other mammals, but 
detailed circuitry has not 
been determined in the 
other animals illustrated 
here

16.6  Reciprocal and Convergent 
Connections of the ENS 
and CNS

The ENS has outwardly projecting neurons, that, 
like those of the CNS, influence the functions of 
their targets [25]. In this sense, the CNS and ENS 
mirror each other, both giving rise to efferent 
pathways and both receiving afferent input. Both 
also contain intrinsic integrative circuitry. The 
innervation of peripheral organs other than the 
gut is connected with the CNS through efferent 
control pathways that emanate from the CNS and 
through primary afferent neurons with cell bod-
ies in dorsal root and cranial ganglia close to the 
CNS, such as the trigeminal, nodose and jugular 
ganglia.

Neurons that project from the ENS to the CNS 
are entero-bulbar neurons with cell bodies in the 
stomach and proximal duodenum that project to 
the lower brain stem [34] and neurons that proj-
ect from the rectum to the lumbo-sacral spinal 

cord [16, 51]. The recto-spinal neurons have typi-
cal enteric neuron, type I morphology and receive 
synapses, presumably from other enteric neu-
rons. The cell bodies of gastro-bulbar and 
duodeno- bulbar neurons are contacted by vagal 
efferent neurons with cell bodies in the lower 
brain stem [34].

Other pathways that are peculiar to the ENS 
are the intestinofugal pathways, in which neurons 
with cell bodies in the intestine innervate the tra-
chea [18], biliary system and gallbladder [42, 
54], pancreas [43] and the cell bodies of sympa-
thetic post-ganglionic neurons within preverte-
bral ganglia [21]. The axons of intestinofugal 
neurons that project to prevertebral ganglia con-
verge on neurons that also receive synaptic input 
from the CNS. These intestinofugal neurons are 
parts of the afferent limbs of entero-enteric 
reflexes, through which one region of intestine 
causes inhibition of other, generally more proxi-
mal, regions [19, 63]. These peripheral reflexes 
that pass through abdominal sympathetic ganglia 
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usually remain unmentioned in textbooks. 
Nevertheless, the existence of such reflex path-
ways is well established.

The functions of intestinofugal neurons whose 
axons arise from the ENS and project to the pan-
creas, biliary system or the airways have been 
little explored but they are presumably involved 
in coordinating the activities of these organs.

16.7  Did an Ancient Nervous 
System Lead to the Enteric 
Nervous System in Cnidaria 
and the ENS and CNS 
in Vertebrates, Including 
Human?

Our thoughts, our body movements and a myriad 
of body functions depend on the flow of informa-
tion between neurons, utilizing chemical signals, 
one neuron releasing a small packet of neu-
rotransmitter chemical to act on another neuron. 
It is remarkable that neurotransmitters of cnidar-
ians, which have an enteric nervous system but 
not a central nervous system, are in many cases 
identical, and in other cases very similar, to the 
neurotransmitters that occur in the enteric ner-
vous system and the central nervous system of 
mammals. These transmitters include nitric oxide 
[11] and oxytocin/vasopressin-like peptides [31, 
59] and ACh [27]. The mammalian ENS and 
CNS neurotransmitter, serotonin (5-HT), occurs 
in the invertebrate ENS of a wide range of spe-
cies, including hydra, acorn worms and insects 
[40, 44, 68]. It seems unlikely that the same 
chemicals, and the enzyme pathways and trans-
porters needed to form and store them, evolved 
independently in cnidaria and mammals. More 
likely, the ancient enteric nervous system of 

hydras and corals was an evolutionary precursor 
of the central nervous system of mammals. It is 
possible that there was a common ancestor with a 
type of nervous system that gave rise to both. It is 
difficult to imagine what such an ancient nervous 
system would be doing if it was not controlling 
digestion. Thus, however the lineage is consid-
ered, the ENS appears to be the most evolution-
ary ancient nervous system, and should probably 
be regarded as the first nervous system (Fig. 16.4).

Previous considerations of the evolutionary 
origins of the CNS suggest that it arose in the 
common ancestors of the bilateria, urbilateria [5], 
even though it is generally agreed that some deu-
terostomes (echinoderms and hemichordates) 
cannot be said to have a CNS [33]. If the conser-
vation of neurotransmitter systems is taken into 
account, as well as similarities in neuronal and 
synaptic morphologies between cnidarian and 
other invertebrate and vertebrate nervous systems 
[68], an earlier development of a nervous system 
than urbilateria can be proposed to have occurred 
in ‘ureumetazoa’, postulated ancestors of both 
cnidarians and bilateria [65]. This would place 
the ureumetazoan ENS as a likely precursor of 
both the modern ENS and the CNS. The proposal 
that the ENS is the ‘first brain’ is consistent with 
the ENS and CNS of mammals both having affer-
ent and efferent connections with other organs, 
and having reciprocal connections with each 
other [25].

16.8  Conclusions

Diffusion of nutrients through surface mem-
branes or endocytosis by single cells, and flow of 
fluid through penetrating channels in sponges, 
was sufficient for nutrition. As animals became 

Bilateria Cnidaria
Protostomes Deuterostomes

Insects Annelids Echinoderms Hemichordates Amphioxis Ascidians Vertebrates Hydra

CNS Ventral Ventral None None Dorsal Dorsal Dorsal None

ENS Yes Yes Yes Yes Yes Yes Yes Yes

Fig. 16.4 Animals with an ENS and no CNS (ventral or dorsal), or with both
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larger and more complex, a nervous system, the 
ENS, was needed to direct the assimilation of 
nutrients. This improved, neutrally controlled 
digestive apparatus provided the energy flow that 
could sustain a central nervous system. Animals 
became dependent on an ENS, without which 
they could not survive.

References

1. Ábrahám A (1940) Die Innervation des Darmkanals 
der Gastropoden. Cell Tissue Res 30:273–296

2. Aiello LC, Wheeler P (1995) The expensive- tissue 
hypothesis: the brain and the digestive system in 
human and primate evolution. Curr Anthropol 
36:199–221

3. Alexandrowicz J-S (1928) Notes sur l’innervation 
du tube digestif des céphalopodes. Arch Zool Exp 
67:69–90

4. Allen RD (1974) Food vacuole membrane growth 
with microtubule-associated membrane transport in 
Paramecium. J Cell Biol 63:904–922

5. Arendt D, Denes AS, Jékely G, Tessmar-Raible K 
(2008) The evolution of nervous system centralization. 
Philos Trans R Soc Lond B Biol Sci 363:1523–1528

6. Bach A, Calsamiglia S, Stern MD (2005) Nitrogen 
metabolism in the rumen. J Dairy Sci 88:E9–E21

7. Barker CJ, Gillett A, Polkinghorne A, Timms P (2013) 
Investigation of the koala (Phascolarctos cinereus) 
hindgut microbiome via 16S pyrosequencing. Vet 
Microbiol 167:554–564

8. Bernalier-Donadille A (2010) Fermentative metabo-
lism by the human gut microbiota. Gastroenterol Clin 
Biol 34:S16–S22

9. Brouns F, Theuwissen E, Adam A, Bell M, Berger 
A, Mensink RP (2012) Cholesterol-lowering prop-
erties of different pectin types in mildly hyper- 
cholesterolemic men and women. Eur J Clin Nutr 
66:591–599

10. Clauss M, Hume ID, Hummel J (2010) Evolutionary 
adaptations of ruminants and their potential relevance 
for modern production systems. Animal 4:979–992

11. Colasanti M, Venturini G, Merante A, Musci G, Lauro 
GM (1997) Nitric oxide involvement in Hydra vul-
garis very primitive olfactory-like system. J Neurosci 
17:493–499

12. Copeland L, Blazek J, Salman H, Tang MC (2009) 
Form and functionality of starch. Food Hydrocoll 
23:1527–1534

13. Copenhaver PF (2007) How to innervate a simple 
gut: familiar themes and unique aspects in the forma-
tion of the insect enteric nervous system. Dev Dyn 
236:1841–1864

14. Cordain L, Eaton SB, Sebastian A, Mann N, 
Lindeberg S, Watkins BA, O’Keefe JH, Brand-Miller 
J (2005) Origins and evolution of the Western diet: 

health implications for the 21st century. Am J Clin 
Nutr 81:341–354

15. Dierenfeld ES, Hintz HF, Robertson JB (1982) 
Utilization of bamboo by the giant panda. J Nutr 
112:636–641

16. Doerffler-Melly J, Neuhuber WL (1988) Rectospinal 
neurons: evidence for a direct projection from the 
enteric to the central nervous system in the rat. 
Neurosci Lett 92:121–125

17. Eng CM, Lieberman DE, Zink KD, Peters MA (2013) 
Bite force and occlusal stress production in hominin 
evolution. Am J Phys Anthropol 151:544–557

18. Fischer A, Canning BJ, Undem BJ, Kummer W 
(1998) Evidence for an esophageal origin of VIP-IR 
and NO synthase-IR nerves innervating the guinea  
pig trachealis: a retrograde neuronal tracing and 
immunohistochemical analysis. J Comp Neurol 
394:326–334

19. Furness JB (2006) The enteric nervous system. 
Blackwell, Oxford

20. Furness JB, Bravo DM (2015) Humans as cucinivores: 
comparisons with other species. J Comp Physiol B 
185:825–834

21. Furness JB, Callaghan B, Rivera LR, Cho HJ (2014) 
The enteric nervous system and gastrointestinal inner-
vation: integrated local and central control. Adv Exp 
Med Biol 817:39–71

22. Furness JB, Cottrell JJ, Bravo DM (2015) Comparative 
physiology of digestion. J Anim Sci 93:485–491

23. Furness JB, Fakhry J, Gajewski J, Boyle EK, 
Fothergill L (2019) The digestive system in evolution-
ary medicine. In: Brüne M, Schiefenhövel W (eds) 
Oxford handbook of evolutionary medicine. Oxford 
University Press, pp 531–562

24. Furness JB, Rivera LR, Cho H-J, Bravo DM, 
Callaghan B (2013) The gut as a sensory organ. Nat 
Rev Gastroenterol Hepatol 10:729–740

25. Furness JB, Stebbing MJ (2018) The first brain: 
species comparisons and evolutionary implica-
tions for the enteric and central nervous systems. 
Neurogastroenterol Motil 30:e13234

26. García-Arrarás JE, Rojas-Soto M, Jiménez LB, 
Díaz-Miranda L (2001) The enteric nervous system 
of echinoderms: unexpected complexity revealed by 
neurochemical analysis. J Exp Biol 204:865–873

27. Giez C, Klimovich A, Bosch TC (2021) Neurons inter-
act with the microbiome: an evolutionary-informed 
perspective. e-Neuroforum. https://doi.org/10.1515/
nf- 2021- 0003

28. Gershon MD (1999) The enteric nervous system: a 
second brain. Hosp Pract 34:31–32

29. Gordon JL, LeBlanc SJ, Duffield TF (2013) Ketosis 
treatment in lactating dairy cattle. Vet Clin North Am 
Food Anim Pract 29:433–445

30. Gribble FM, Reimann F, Roberts GP (2018) 
Gastrointestinal hormones. In: Said HM (ed) 
Physiology of the gastrointestinal tract 6edn. 
Academic Press, New York, pp 31–70

31. Grimmelikhuijzen CJP, Dierickx K, Boer GJ (1982) 
Oxytocin/vasopressin-like immunoreactivity is 

16 Digestive Systems and ENS through Evolution

https://doi.org/10.1515/nf-2021-0003
https://doi.org/10.1515/nf-2021-0003


176

 present in the nervous system of hydra. Neuroscience 
7:3191–3199

32. Grimmelikhuijzen CJP, Spencer AN, Carré D (1986) 
Organization of the nervous system of physonectid 
siphonophores. Cell Tissue Res 246:463–479

33. Holland LZ, Carvalho JE, Escriva H, Laudet V, 
Schubert M, Shimeld SM, Yu J-K (2013) Evolution 
of bilaterian central nervous systems: a single origin? 
EvoDevo 4:27

34. Holst MC, Kelly JB, Powley TL (1997) Vagal pregan-
glionic projections to the enteric nervous system char-
acterized with phaseolus vulgaris-leucoagglutinin. J 
Comp Neurol 381:81–100

35. Hu Y, Wu Q, Ma S, Ma T, Shan L, Wang X, Nie Y, 
Ning Z, Yan L, Xiu Y, Wei F (2017) Comparative 
genomics reveals convergent evolution between the 
bamboo-eating giant and red pandas. Proc Natl Acad 
Sci 114:1081–1086

36. Ierusalimsky VN, Balaban PM (2006) 
Immunoreactivity to molluskan neuropeptides in the 
central and stomatogastric nervous systems of the 
earthworm, lumbricus terrestris L.  Cell Tissue Res 
325:555–565

37. Ito S, Kurokawa M (2007) Coordinated peripheral 
neuronal activities among the different regions of the 
digestive tract in Aplysia. Zool Sci 24:714–722

38. Jin C, Ciochon RL, Dong W, Hunt RM, Liu J, Jaeger 
M, Zhu Q (2007) The first skull of the earliest giant 
panda. Proc Natl Acad Sci U S A 104:10932–10937

39. Kass-Simon G, Pierobon P (2007) Cnidarian chemi-
cal neurotransmission, an updated overview. Comp 
Biochem Physiol 146:9–25

40. Kaul-Strehlow S, Urata M, Minokawa T, Stach T, 
Wanninger A (2015) Neurogenesis in directly and 
indirectly developing enteropneusts: of nets and 
cords. Org Divers Evol 15:405–422

41. Kelly KA (1980) Gastric emptying of liquids and sol-
ids: roles of proximal and distal stomach. Am J Phys 
239:G71–G76

42. Kennedy AL, Mawe GM (1998) Duodenal sensory 
neurons project to sphincter of Oddi ganglia in guinea 
pig. J Neurosci 18:8065–8073

43. Kirchgessner AL, Gershon MD (1990) Innervation 
of the pancreas by neurons in the gut. J Neurosci 
10:1626–1642

44. Klemm N, Hustert R, Cantera R, Nässel DR (1986) 
Neurons reactive to antibodies against serotonin in 
the stomatogastric nervous system and in the alimen-
tary canal of locust and crickets (Orthoptera, Insecta). 
Neuroscience 17:247–261

45. Leonard WR, Snodgrass JJ, Robertson ML (2007) 
Effects of brain evolution on human nutrition and 
metabolism. Annu Rev Nutr 27:311–327

46. Martinez-Pereira MA, Franceschi RDC, Antunes 
GDF, Coelho BP, Achaval M, Zancan DM (2013) 
General morphology and innervation of the mid-
gut and hindgut of Megalobulimus abbreviatus 
(Gastropoda, Pulmonata). Zool Sci 30:319–330

47. Martinez-Pereira MA, Franceschi RDC, Coelho BP, 
Zancan DM (2017) The stomatogastric and enteric 
nervous system of the pulmonate snail Megalobulimus 
abbreviatus: a neurochemical analysis. Zool Sci 
34:300–311

48. Milton K (2003) The critical role played by animal 
source foods in human (Homo) evolution. J Nutr 
133:3886S–3892S

49. Milton K, Demment MW (1988) Digestion and 
passage kinetics of chimpanzees fed high and low 
fiber diets and comparison with human data. J Nutr 
118:1082–1088

50. Nässel DR, Eckert M, Muren JE, Penzlin H (1998) 
Species-specific action and distribution of tachykinin- 
related peptides in the foregut of the cockroaches 
Leucophaea maderae and Periplaneta americana. J 
Exp Biol 201:1615–1626

51. Neuhuber WL, Appelt M, Polak JM, Baier 
Kustermann W, Abelli L, Ferri GL (1993) 
Rectospinal neurons: cell bodies, pathways, immu-
nocytochemistry and ultrastructure. Neuroscience 
56:367–378

52. Nie Y, Zhang Z, Raubenheimer D, Elser JJ, Wei W, 
Wei F (2015) Obligate herbivory in an ancestrally car-
nivorous lineage: the giant panda and bamboo from 
the perspective of nutritional geometry. Funct Ecol 
29:26–34

53. Okamoto T, Kurokawa M (2010) The role of the 
peripheral enteric nervous system in the control of 
gut motility in the snail Lymnaea stagnalis. Zool Sci 
27:602–610

54. Padbury RTA, Furness JB, Baker RA, Toouli J, 
Messenger JP (1993) Projections of nerve cells from 
the duodenum to the sphincter of Oddi and gall-
bladder of the Australian possum. Gastroenterology 
104:130–136

55. Podewils LJ, Mintz ED, Nataro JP, Parashar UD 
(2004) Acute, infectious diarrhea among children 
in eveloping countries. Semin Pediatr Infect Dis 
15:155–168

56. Raven HC (1936) Notes on the anatomy of the viscera 
of the giant panda (Ailuropoda melanoleuca). Am 
Mus Novit 877:1–23

57. Raz-Bahat M, Douek J, Moiseeva E, Peters EC, 
Rinkevich B (2017) The digestive system of the 
stony coral Stylophora pistillata. Cell Tissue Res 
368:311–323

58. Renard E, Gazave E, Fierro-Constain L, Schenkelaars 
Q, Ereskovsky A, Vacelet J, Borchiellini C (2013) 
Porifera (sponges): recent knowledge and new perspec-
tives. eLS. https://doi.org/10.1002/9780470015902.
a0001582.pub2

59. Shimizu H, Koizumi O, Fujisawa T (2004) Three 
digestive movements in Hydra regulated by the dif-
fuse nerve net in the body column. J Comp Physiol 
190:623–630

60. Shimizu H, Takaku Y, Zhang X, Fujisawa T (2007) 
The aboral pore of hydra: evidence that the digestive 

J. B. Furness

https://doi.org/10.1002/9780470015902.a0001582.pub2
https://doi.org/10.1002/9780470015902.a0001582.pub2


177

tract of hydra is a tube not a sac. Dev Genes Evol 
217:563–568

61. Stevens CE, Hume ID (1995) Comparative physiol-
ogy of the vertebrate digestive system. Cambridge 
University Press, Cambridge, New York

62. Stevens CE, Hume ID (1998) Contributions of 
microbes in vertebrate gastrointestinal tract to pro-
duction and conservation of nutrients. Physiol Rev 
78:303–427

63. Szurszewski JH, Ermilov LG, Miller SM (2002) 
Prevertebral ganglia and intestinofugal afferent neu-
rones. Gut 51:i6–i10

64. van Boekel M, Fogliano V, Pellegrini N, Stanton C, 
Scholz G, Lalljie S, Somoza V, Knorr D, Rao Jasti 
P, Eisenbrand G (2010) A review on the benefi-
cial aspects of food processing. Mol Nutr Food Res 
54:1215–1247

65. Watanabe H, Fujisawa T, Holstein TW (2009) 
Cnidarians and the evolutionary origin of the  
nervous system. Develop Growth Differ 51: 
167–183

66. Watanabe H, Tokuda G (2001) Animal cellulases. Cell 
Mol Life Sci 58:1167–1178

67. Weaver TD (2012) Did a discrete event 200,000—
100,000 years ago produce modern humans? J Hum 
Evol 63:121–126

68. Westfall JA, Elliott SR, MohanKumar PS, Carlin RW 
(2000) Immunocytochemical evidence for biogenic 
amines and immunogold labeling of serotonergic 
synapses in tentacles of Aiptasia pallida (Cnidaria, 
Anthozoa). Invertebr Biol 119:370–378

69. Wrangham R, Conklin-Brittain N (2003) Cooking 
as a biological trait. Comp Biochem Physiol A Mol 
Integr Physiol 136:35–46

70. Yao CK, Muir JG, Gibson PR (2016) Review article: 
insights into colonic protein fermentation, its modu-
lation and potential health implications. Aliment 
Pharmacol Ther 43:181–196

71. Zhao H, Yang J-R, Xu H, Zhang J (2010) 
Pseudogenization of the umami taste receptor gene 
Tas1r1  in the giant panda coincided with its dietary 
switch to bamboo. Mol Biol Evol 27:2669–2673

16 Digestive Systems and ENS through Evolution



179

17Enteric Glia and Enteric Neurons, 
Associated

Giorgio Gabella

Abstract

Peripheral neurons are never found alone and 
are invariably accompanied by glial cells, with 
which they are intimately associated in com-
pact, highly deformable structures.

Myenteric ganglia of the guinea-pig, exam-
ined in situ by electron microscopy, show that 
in their neuropil (axons and dendrites, and 
glial cells and processes) the glia constitutes 
almost half of the volume and almost half of 
membrane extent.

In the glia, the expanse of the cell mem-
brane predominates over that of their cyto-
plasm, the opposite being the case with the 
neural elements.

The profile of the glial elements is passive 
and is dictated by the surrounding elements, 
mainly the axons, and hence it is predomi-
nantly concave.

The enteric glia is widely developed; how-
ever, it is not sufficient to form a full wrapping 
around all neurons and around all axons 
(unlike what is found in other autonomic 
ganglia).

Glial processes are radially expanding lam-
inae, irregularly tapering, branching, and pen-
etrating between axons.

Some processes have a specialized termi-
nation attached to the basal lamina of the 
ganglion.

Mitochondria are markedly more abundant 
in neural element that in the glia (up to a factor 
of 2).

Many expanded axons, laden with vesicles 
clustered beneath membrane sites, abut on 
glial cells and processes, while these show no 
matching structural specializations.

Keywords

Enteric glia · Myenteric ganglia · 
Mitochondria · Axon-glia contacts

The symbiosis of neurons and glia is a remark-
able aspect of the nervous tissue. In living bodies, 
neurons never live alone, or move alone, or 
develop alone, and conversely glial cells are not 
found that are unattached to a neuron. In the 
periphery too axons are not without a glial pro-
cess around them (except at the very end of some 
autonomic axons or in discrete areas of enteric 
ganglia). In living tissues no glial cell has been 
found that is unattached to a nerve cell or to a 
neurite.

The intramural nerves of the gut (the enteric 
nervous system) are no exception, and for its glia 
the term ‘enteric glial cells’ was introduced 
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50 years ago [5]. The fine structural features [3, 
5–7, 14] and some immunochemical markers [1, 
4, 13] of enteric glial cells were quickly charac-
terized. Chemical markers, such as glial fibrillary 
acidic protein (GFAP) and S100b have become 
key tools to investigate these cells in  vivo [12] 
and far more frequently in vitro; the transcription 
factor Sox8/9/10, localized in the nucleus, has 
also been useful for cell counts [12]. 
Comprehensive review articles on the subject 
have appeared regularly from as early as 30 years 
ago and they have maintained their usefulness 
(e.g. [8, 18]) and include a full historical review 
[9].

Our understanding of the structure of enteric 
glia has progressed slowly; here, a summary 
account of enteric glial morphology is presented, 
one mainly based on data from electron micros-
copy and founded on the supposition that struc-
tural evidence is critical for correct attribution of 
functional properties.

In addition, although outside the scope of this 
article, a large population of enteric glial cells, 
mainly located in the mucosa, has come to light. 
These cells are attracting interest because of sug-
gestive evidence of a role in immune processes in 
the mucosal epithelium and an interaction with 
the gut microbe. A direct role has been suggested 
for these cells in the peristaltic reflex and in 
inflammation, and these properties are examined 
in several studies (e.g. [2, 19]; Gubisic and 
Gulbransen 2017). However, the present review 
is focused on documented ultrastructural 
 evidence of ganglia and intramural nerves stud-
ied in situ, and the studies of the particular enteric 
glial cells in the mucosa are beyond its scope.

17.1  Cytology of Glia

Any micrograph of enteric ganglia shows a dis-
tinct population of neurons – however variable in 
size, shape and other structural features – that are 
intermingled with an unambiguously different 
population of glial cells. Unidentified cells may 
be found, even by electron microscopy, but they 
are quite rare.

There is no uncertainty in distinguishing nerve 
cell bodies and neurites (that is dendrites and 
axons) from glial cells and glial processes 
(Figs. 17.1a, b and 17.2). Whether there are dif-
ferent types of enteric glial cells is a difficult 
question. Even with supportive data (e.g. [10]) 
there is still no conclusive evidence. Beyond the 
physiologic variability in the engagement of 
these cells, there may be different sources and 
lineages [18]. Enteric glial cells are much smaller 
than the neurons and are rather uniform in size; 
their nucleus is slightly elongated, electron- 
dense, non-globular, and often presents deep 
indentations.

Some immunochemical preparations [1] and 
microinjected preparations [10] document the 
exceptional branching out of the glial processes 
over a relatively short distance from the cell body. 
Branches constitute to larger part of these cells. 
Glial laminar processes are common that taper 
away regularly from the cell body; they form 
large expanses whose cytoplasm is progressively 
reduced in thickness until it is less than one twen-
tieth of a micrometre and becomes devoid of any 
organelles. Some large processes extend to the 
ganglion’s surface (Fig.  17.1b), and there are 
glial cells that reach both surfaces of a myenteric 
ganglion (that is facing both muscle layers). At 
least half of the surface of a myenteric ganglion is 
made by the glia. A single basal lamina covers 
the entire ganglion and the nerve strands; it is 
markedly more evident in the myenteric than in 
the submucosal plexus.

Adherens junctions are found between glial 
processes or between glia and neuritis, and gap 
junctions are noted between glial processes, 
although neither type of junction is frequent. An 
extensive laminar covering by a glial laminar 
process is found around some neurons. However, 
in all ganglia studied, some large areas of neuro-
nal cell bodies lie directly beneath the ganglionic 
basal lamina.

A typical component in the majority of glial 
cells are 10-nm filaments (gliofilaments), gath-
ered in thin bundles which appear to lie in all 
directions (Fig.17.1c). They are more abundant 
in the myenteric than in the submucosal glial 
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Fig. 17.1 (a) Electron micrograph of a myenteric gan-
glion of a guinea pig ileum. To the right, at top, a glia cell 
(G) with its nucleus (g), and, at bottom, a neuron (N) with 
its nucleus (n). The circle highlights two axonal profiles 
(varicosities), packed with vesicles and with a membrane 
density associated with vesicles; both axons are apposed 
to a process issued from the glial cell. At these points of 
contact between axons and glia, the glial membrane shows 
no specialization, that is, no structural features, and does 
not suggest the presence of a junction. At the left, the 
microscopic field is occupied by many axons, in trans-
verse section, roundish or oval in profile, containing 
microtubules, some clusters of vesicles and an occasional 
mitochondrion. (b) In this micrograph of another similar 
ganglion, a large glial process expands and reaches the 
surface of the ganglion at the left edge. Small groups of 

gliofilaments lie in all directions and some are inserted in 
the part of the glial membrane that is in contact with the 
basal lamina (gliofilaments are not inserted on any other 
area of the cell membrane). A membrane-bound dense 
body projects into the glial cytoplasm and is reached by 
many gliofilaments. A vesicle-loaded axon makes contact 
with this glial process, at the centre of the image. (c) In 
this image from the surface of a myenteric ganglion of a 
guinea pig ileum, the different patterns of three types of 
filamentous structures are in evidence. To the right, myo-
filaments are oriented parallel and many of them are 
attached to dense bodies beneath the surface of a smooth 
muscle cell. To the left, a glial process in a myenteric gan-
glion shows gliofilaments lying in all directions and 
inserting on densities beneath the glial cell membrane, 
obliquely sectioned
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Fig. 17.2 (a) Myenteric ganglion from a guinea pig. 
Several electron micrographs of a thin section are assem-
bled in a montage, showing the entire profile of the gan-
glion at low resolution. A large neuron occupies the left 
part of the ganglion, and it shows its pale nucleus; the 
corner of another neuron appears at the far right. The 
nuclei of two glial cells are visible at bottom right. 
Morphometric data on this ganglion are in Table 17.2. (b) 
In the same ganglion, all the axons (axonal profiles) are 
traced digitally (with the software FreeHand from 
Micromedia) with a thin dark line, and filled in red. There 

are 1208 axons. (c) The membrane of all the glial ele-
ments is traced digitally with a thin dark line, and filled in 
yellow. (d) The tracings of axons (as in B.) and of glia (as 
in C.) are added, highlighting the interdigitation of the 
two components. The neuronal nucleus is outlined and 
shaded in grey. The outline of the neurons is traced with a 
thick black line. (e) Only the outline of the neural cell and 
all the glia are shown here. The glial nuclei are shaded in 
grey. (f) On the image in E, the tracing of all the mito-
chondria is added
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cells, and in poor evidence in the glial cells of 
nerve strands. Some gliofilament bundles are 
anchored to the cell membrane that is apposed to 
the basal lamina: dense bodies, some projecting 
deeply into the cytoplasm, are characteristic 
mostly in the glial processes facing the longitudi-
nal muscle (Fig. 17.1c).

An intriguing observation, not uncommon and 
already noted in earlier studies [7], is well docu-
mented in guinea pig ganglia, both myenteric and 
submucosal: apposed to a glial cell or a glial pro-
cess are axonal varicosities with vesicles (elec-
tron lucent, of 40–45  nm diameter) clustered 
against a dense patch of the axolemma (the cell 
membrane) in an arrangement similar to the axo-
nal side of a synapse; no specializations appear 
on the glial side, except for an extended apposi-
tion with these axons. (A matter of concern is that 
these structures have not been mentioned by 
other authors.) Here, these intriguing structures 
are referred to as axon-glia contacts (or apposi-
tions), which might facilitate an influence of the 
axon on the glia, but are not regarded as junctions 
because we lack evidence of some membrane 
specialization on the glial side (Fig.  17.1a, b). 
Conservatively, the micrographs simply show 
that axons can develop varicosities, with cluster-
ing of vesicles and with a membrane density usu-
ally associated with a synapse, even in the 
absence of a potential post-junctional element. If 
these axonal expansions (varicosities) with their 
vesicle clustering and membrane densities are 
sites of some chemical release, then they suggest 

the possibility of a non-synaptic release of axonal 
neurotransmitters inside a ganglion.

17.2  Glial Populations

The enteric glial population is vast. Anne Rühl 
and colleagues [12], by histochemistry, found 
about six times as many glial cells as neurons in 
human myenteric ganglia. Earlier studies on 
guinea pigs, based on histologic sections, showed 
a preponderance of glial cells over neurons in 
many enteric ganglia [7] (Table  17.1). In the 
ileum, for example, myenteric ganglia have a 
substantial numerical predominance of glial cells 
over neurons; the values are reproduced between 
individuals and therefore must be regulated to 
some extent – with an average of 250:100, or two 
and a half glial cells for every neuron. There are 
no clear differences in other regions of the small 
intestine, and the values are similar – and proba-
bly the same – in the stomach and large intestine 
(Table 17.1).

A relevant cytological parameter is the extent 
of the neuropil, expressed as its percentage vol-
ume within a ganglion (volumes are calculated 
morphometrically from surface areas in thin sec-
tions). Neuropil is the collection of axons, den-
drites, glial cell bodies, and glial processes, that 
is, all the components of a ganglion except the 
nerve cell bodies. The neuropil is thus the part of 
the plexus where impulses are transmitted and 
delivered, as opposed to the neuronal cell bodies 

Table 17.1 Morphometric data on myenteric and submucosal ganglia of some mammalian species

Myenteric ganglia Submucosal ganglia
Neuron to glia Neuropil Neuron to glia Neuropil

Mouse Ileum 100:109 51% 100:64 38%
Guinea pig Stomach 100:235 63% – –

Duodenum 100:224 66% 100:96 50%
Ileum 100:266 65% 100:71 51%
Colon 100:217 62% 100:77 53%
Rectum 100:228 67% 100:78 54%

Rabbit Ileum 100:259 70% 100:109 44%
Sheep Ileum 100:466 74% 100:150 44%

The figures are the number of glial cells per 100 ganglion neurons, counted on tangential sections of ganglia, and cor-
rected for the different size of nerve and glial cells
The second numerical column from the left and the last column on the right give the percentage of the space occupied 
by the neuropil

17 Enteric Glia and Enteric Neurons, Associated



184

GP ileum 
AFJ
myenteric

Cellular 
areas

Percentage 
areas

Cellular 
perimeters

Membrane 
percentage

Mitochondria number area % area (excl. 
nuclei)

Ganglion 753 μm2 93% 134 μm [2435 μm] 603 30.19 μm2

2 nerve 
cells

312 μm2 41.4% 111 μm 4.6% 249 14.69 μm2 6.34% 6.43%

1196 
neurites

197 μm2 26.2% 1507 μm 61.9% 275 12.93 μm2 6.55%

3 glial cells 91.7 μm2 12.2% 188 μm 7.7% 28 1.29 μm2 2.36% 1.67%

Glial 
processes

98.7 μm2 13.1% 629 μm 25.8% 51 1.28 μm2 1.30%

peri/extracellular ~7%
The three glial cells and all the glial processes occupy a quarter of the sectional area of this ganglion (this includes the 
three glial nuclei)
The linear extent of all the cell membranes within the section is more than 18 times the perimeter of the ganglion, and 
one third of all the membrane is contributed by the glia
The columns to the right present the total number of mitochondria in the section of this ganglion and their distribution 
in the nerve cell bodies, the neurites (mainly axons), the glial cell bodies and the glial processes. More than 6% of the 
neuronal cytoplasm, in cell and processes, is occupied by mitochondria, while less than 2% is the corresponding figures 
for the glia

Table 17.2 An example of morphometric data obtained 
by measuring the area of all the profiles forming the gan-
glion (nerve cells, axons, glial cells, glial processes, as 
illustrated in Fig.17.1 and in the same ganglion as in 

Fig. 17.2 from a guinea pig ileum) in a thin section under 
the electron microscope and the length of the cell mem-
branes of all those profiles

where impulses are generated (and, also, impulses 
are received and integrated).

In myenteric ganglia of guinea pigs, the neu-
ropil amounts consistently to about two-thirds of 
the ganglion volume, the remaining one-third 
being made up of nerve cell bodies (Table 17.1). 
In contrast, the submucosal plexus in guinea pigs 
has a neuropil amounting to only about half the 
ganglion volume; glial cells are less abundant 
than in myenteric ganglia and not more numerous 
than neurons (except in the duodenum) 
(Table 17.1).

While these figures have limited practical use, 
they might be handy in comparative studies, and 
to monitor development, maintenance state and 
ageing of these structures. In addition, figures of 
this type have, in theory, a use in exploring the 
morphogenesis of the ganglia, that is, those pro-
cesses becoming visible as the endogenous emer-
gence of forms that are not pre-existing.

Taking a single myenteric ganglion of a guinea 
pig ileum as an example (Fig. 17.2), of its sec-
tional area of 750 square microns about a quarter 
is glia, while the cell membranes of all the glia 
amount to at least a third of the total of 
2400 microns of cell membrane (Table 17.1).

Applying the same histologic probe to a few 
other species (not many, out of over 5000 mam-
malian species in existence), substantial differ-
ences are found as well as some patterns 
(Table  17.1); for example, in mice, fewer glial 
cells and a lesser extent of the neuropil, whereas 
in sheep, a much greater proportion of glial cells 
to neurons and a more extensive neuropil.

The difference between myenteric and submu-
cosal ganglia remains noticeable in all species. 
On average, neurons of the submucosal ganglia 
are smaller and more tightly packed than in the 
corresponding myenteric ganglia, and glial cells 
less numerous. Variation in size (at least the 
nuclear size) in glial cells is minimal between 
ganglia and between species; in contrast, the 
range of neuronal sizes and the average neuronal 
size vary between species with trends somehow 
related to the size of the body or of the organ.

These data may suggest, therefore, some 
vague correlation between body size, neuronal 
populations and amount of glia. However, quanti-
tative differences of this type are not indications 
of variations of function of the glia in different 
species (as has been suggested). They may be 
related, in large species, to the longer distances 
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covered by the axons, to the larger innervation 
territories, to differences in size-related external 
mechanical effects, and to other factors.

Therefore one should be prudent when con-
sidering factors that may influence these relation-
ships. Glia and neurons are so intimately 
associated that one can expect as much influence 
of neurons on glia as from glia on neurons. The 
two cell types (and their subtypes) cannot be set 
apart or investigated independently, and only par-
tial views are obtained when they are torn apart. 
Neurons and glia coexist, having reached some 
kind of working equilibrium and compatibility, 
including relatively stable structural parameters.

17.3  Relative Extent of Glia

From the comparative data a critical point 
emerges (Table 17.1). In spite of their large num-
bers and the vast extent of the glial domain, the 
enteric glial cells are relatively scarce, scarce by 
relation to the associated neurons, or at least the 
scarcer that is found in the nervous tissue in gen-
eral. The enteric glial cells seem to be in some 
limited supply, one might say they are inade-
quately developed, however surprising the notion 
may sound. The enteric glial population is indeed 
vast; however, the ratio glia-to-neuron is mark-
edly lower in the gut than in most parts of the 
nervous system. Everywhere in the peripheral 
autonomic nervous system, glial cells are more 
abundant, relative to neurons, than in the enteric 
nervous system.

The point on the limited extent of enteric glia 
is documented by ultrastructural observations.

The predominant rule in autonomic nerves is 
that each axon is fully wrapped by a glial process 
and it has an individual mesaxon (Fig. 17.3a). In 
contrast, many axons in enteric ganglia and 
strands are in direct contact with each other with-
out any glia intervening or wrapped around them 
(Fig. 17.3b). This feature can be observed in all 
nerves and ganglia, and is seen also in ganglia 
where the neuropil, with its glia, is much 
extended, as in myenteric ganglia of sheep 
(Fig. 17.3c–e).

17.4  Glial Chondrioma

An aspect of the enteric glia that is shared widely 
across the nervous tissue is the amount of mito-
chondria (the chondrioma) (Fig. 17.2f).

On large montages of ganglia, mitochondria 
can be traced digitally in neurons, axons, glial 
cells and glial processes, generating accurate val-
ues on number, size, shape and localization of 
every mitochondrion, each easily identifiable by 
electron microscopy (Fig.  17.1a). Numbers and 
distributions are rather constant and therefore 
must be regulated. In addition – and probably of 
physiological significance – the number of mito-
chondria and their spatial density (that is, their 
overall percentage volume in a given structure) is 
far from similar in neuronal and glial elements 
(Fig. 17.4a–c). In all the preparations of enteric 
ganglia, the number of mitochondria and their 
percentage volume are markedly lower in the glia 
than in axons and nerve cells, as shown in the 
myenteric ganglion used as an example of the 
morphometric approach (Table 17.1) and visible 
in micrographs and tracings (Figs.  17.2f and 
17.4a–c).

The discrepancy is conspicuous and is noted 
also in submucosal ganglia; it is found in the gan-
glia of all the other species examined, for exam-
ple the sheep (Fig.  17.4). The volume of the 
chondrioma indicates the maximum metabolic 
rate available in a cell. In all cases the values 
strongly suggest that the metabolic rate in the glia 
is substantially lower than in neurons.

17.5  Research Limitations

The anatomical work on the enteric glia pre-
sented here has noticeable limitations, because it 
operates under the current view that biological 
structures are fully determined by genetic factors, 
a Mendelian perspective, and it may not account 
sufficiently for an influence of the environment 
on development of neural circuits (there are some 
strong data in a study by Dulac and Le Douarin, 
1991), and for mechanisms acquired by trial and 
error or some form of learning. Surely, some 
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Fig. 17.3 (a) Transverse section of an intramural 
branch of the vagus nerve of a guinea pig, close to its 
point of entry in the stomach wall. The glial elements 
are traced with a dark line and filled in yellow. All the 
axons (numbering 232) are fully wrapped by glial pro-
cesses, and none of the axons are in contact with each 
other. Two glial nuclei are shaded in dark grey. A peri-
neurium surrounds this nerve trunk. (b) Transverse sec-
tion of a nerve strand of the myenteric plexus of a 
guinea pig ileum. All the glia is traced and filled in yel-
low. Many of the 149 axons present are in direct contact 
with each other, without intervening glia. A thin basal 
lamina surrounds the strand and some muscle cells of 
the circular layer are at the top. (c) Myenteric ganglion 

of the ileum of a sheep. Several electron micrographs of 
a thin section are assembled in a montage, showing the 
profile of the ganglion at low resolution. Two large neu-
rons, with nucleus, are visible below the centre and near 
the right bottom corner. All the glial elements, and the 
glial nuclei, are traced with a dark line and filled in yel-
low. The basal lamina of the ganglion is traced with a 
black dotted line. (d) Same as (c), with the added trac-
ings of all the axons with a dark line and a red fill. (e) 
Detail of D. enlarged. Part of the nucleated neuron is at 
bottom right. Near the top surface of the ganglion (fac-
ing the circular muscle), there are deep invaginations of 
the periganglionic connective tissue penetrating into the 
ganglion

G. Gabella



187

Fig. 17.4 (a) Myenteric ganglion of the ileum of a sheep, 
showing a detail from the bottom right area of Fig. 17.3a. 
A neuronal nucleus and a glial nucleus are visible. (b) 
Tracing of the same sheep ganglion (light grey), with trac-
ings of the three neurons (grey) and of nine glial cells 
(dark grey). The nuclei are traced and filled in black and 
the non-ganglionic space is in white. (c) From the gan-
glion in Figs. 17.3a and 17.4b, three neurons (two of them 

nucleated) and five nucleated glial cell bodies are traced 
individually and filled in light grey; the nuclei are traced 
and filled in grey. All the mitochondria are also traced, to 
document their size, shape and distribution, and, above 
all, to show the difference in their spatial density in glial 
and neuronal elements. In this set of cells, mitochondria in 
nerve cells (n = 536) occupy 7.7% of the cytoplasm, in the 
glial cells (n = 70) they occupy 4.53% of the cytoplasm

functions of the enteric nerves are learned rather 
than simply inherited. In addition, there are many 
technical limitations in microscopy, hence legiti-
mate doubts whether one is sufficiently critical in 
evaluating the reliability of the methods used.

Lastly, morphologists such as the author tend 
to fall prey to aesthetic considerations when they 
look down a microscope. Nevertheless, it cannot 

be denied that there is attraction, and maybe 
meaning, in the compactness of the enteric gan-
glia, their linear precision, the overdose of detail, 
and the absence of any available space. The min-
ute interdigitations of neurons and glia produce a 
perfect construct of positive and negative form, 
and of reciprocal moulding. To say nothing of 
possible hidden patterns.

17 Enteric Glia and Enteric Neurons, Associated
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17.6  Ganglionic Dense Packing

Looking at a corner of a ganglion, and lifting 
axons and glia by separate tracings, the small 
amount of glia is apparent, with all the glial 
membrane deeply curved inward (Fig.  17.5). 
Except at the edge of extremely sharp folds, the 
glial membrane is always concave, with much 
reduction of the cytoplasm. In contrast, the sur-
face of axons, whose transverse profiles are close 
to circular, approaches a minimum for the vol-
ume and is virtually always convex. A kind of 
turgidity of the axonal cytoplasm makes axons 
more rigid and incompressible and capable of 
always indenting into the glia and never the other 
way around.

The summing-up impression  – granting the 
use of the word ‘impression’, or visual impres-
sion, which occasionally may be justified – is that 
axons minimize the axonal membrane and maxi-
mize the axonal cytoplasm; conversely, the glia 
seems to maximize its surface membrane, deploy-
ing as little cytoplasm as possible.

Across ganglia, the separation between nerve 
membrane and glial cell membrane is minimal 
and quite constant. The space, about 12 nm wide, 
is electron-lucent, and must be occupied by struc-
tured materials that maintain the exact distance 
and presumably offer a specific bondage of some 
strength between axons and between axons and 
glia. Enteric ganglia have no capsule (unlike 
other autonomic ganglia and nerves) and their 

Fig. 17.5 (a) Myenteric 
ganglion of a guinea pig 
ileum. Several 
micrographs are 
assembled in a montage 
used for digital tracing 
and morphometry. The 
small detail displayed 
here shows the general 
appearance of the 
neuropil of the ganglion 
with innumerable 
processes both glial and 
neuronal, all 
approximately in 
transverse section. (b) In 
the same ganglionic area 
shown in the micrograph 
above, all the axons are 
traced and filled in in 
black. (c) In the same 
area as in A, all the glial 
processes are traced and 
filled in black. The two 
tracings are spatially 
complementary and 
when assembled 
together fill completely 
the space available, as 
seen in the original 
micrograph
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components stay compactly together because of 
adhesion between the various elements, neuronal 
and glial. (Referring back to morphogenesis, the 
neuronal precursors colonizing the early embry-
onic gut are initially scattered around the wall; 
would they aggregate into a highly patterned 
plexus in the absence of glia?)

17.7  Dynamic Form of Ganglia

Several features picked up in micrographs of 
ganglia raise issues of possible mechanical rele-
vance. The deformation of enteric ganglia and 
nerves produced by the contraction of the mus-
cles is extraordinary, and is found nowhere else 
in the body except in the bladder wall. It occurs 
endlessly and fully reversibly. It involves stretch 
and compression in all three axes, with different 
patterns in the submucosal and the myenteric 
ganglia. Mechanical stress puts the enteric glia in 
a position that could not be more different from 
that of the CNS.

When the ileal wall contracts, going as far as 
occluding the lumen, the myenteric ganglia of 
that region become up to three times as thick as 
they are in the wall distended. The process 
involves elaborated changes in shape and relative 
position of all the ganglionic components, which 
take place in a matter of seconds and then are 
quickly and fully reversed (silently to the aware 
body). Similarly, transient changes are seen in the 
distal colon, where the gut diameter in the seg-
ment between two pellets is reduced to about a 
half that in the adjacent segments around faecal 
pellets, and the length of that segment is also 
slightly reduced (the contraction in diameter is 
limited by the occlusion of the luminal space). 
The volumes of the tissues are unchanged, hence 
both muscle layers become correspondingly 
thicker, and the myenteric ganglia, compressed 
mainly along their long (circumferential) axis 
acquire a roundish profile from the flattened 
shape they have in the distended segments.

The large and passive deformations in the gan-
glia are permitted, and are facilitated, by the glia, 
which minimizes the mechanical stress on neu-
rons, axons and dendrites. The glia, particularly 

because of its laminar geometry, is much affected 
by the stretching and compression of the ganglia, 
and it plays a role in facilitating an orderly and 
reversible deformation of the ganglion, with 
extensive repositioning of the axons and shape 
change of the neuronal cells.

When the circular muscle contracts and short-
ens, an axon bundle (a strand of the myenteric 
plexus) is compressed lengthwise and it takes up 
a wavy course, clearly observable by microscopy. 
The axons, however, both in the nerve strands 
and in the ganglia, maintain a near circular pro-
file, even when they compress longitudinally into 
a wavy or coiled shape, while at the same time 
changing their relative position, as allowed and 
facilitated by the glia.

17.8  Life Times

The need to take into account the temporal 
dimension having been referred to above, it 
should be reminded that glial cells of the myen-
teric ganglia are still dividing (by mitosis) in 
guinea pig foetuses at term, after the neurons 
have stopped dividing.

The process of colonization of the gut by cells 
from the neural crest and their differentiation is 
being intensively studied, without as yet firm 
conclusions. An eye is kept on different popula-
tions of precursors [11], on possible waves of 
appearance [16] and on different timing (dates of 
birth). The possibility is raised of new neurons 
being incorporated in adult mice [15].

In fact, in some places, for example, in the 
ileal myenteric ganglia of guinea pigs, glia con-
tinues to expand (not necessarily in number) in 
the course of post-natal life, wrapping around an 
increased number of axons, even if never more 
than a minority of them. Thus, under the micro-
scope, enteric nerves and ganglia from aged ani-
mals can be distinguished from those of young 
adults.

Phillips et  al. [17] provide good evidence of 
age-related loss of glia (and neurons) in myen-
teric ganglia of the rats, confirming the occur-
rence of structural changes in the enteric nervous 
system throughout life. The matter is quite com-
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plex given the number of factors involved and the 
large variability between animal species, organs 
and lifestyles.

The quantitative and spatial relationships 
between neurons and glia appear, on the one 
hand, to be constant and regulated, while on the 
other hand, they change over life time and are 
never still.
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18Circadian Control 
of Gastrointestinal Motility

Anita J. L. Leembruggen, Lincon A. Stamp, 
Joel C. Bornstein, and Marlene M. Hao

Abstract

With the earth’s 24-h rotation cycle, physio-
logical function fluctuates in both diurnal and 
nocturnal animals, thereby ensuring optimal 
functioning of the body. The main regulator of 
circadian rhythm is the suprachiasmatic 
nucleus (SCN), which is considered the main 
pacemaker or “central clock” of the body. 
Located in the anterior hypothalamus, the 
SCN influences the activity of other brain 
regions, as well as peripheral organs, through 
the release of melatonin and corticosteroids. 
The SCN can be entrained by several cues, 
with light being the major cue. Light informa-
tion from the retina is received by the SCN via 
the retinohypothalamic tract. Non- photic cues 
such as temperature and exercise can also 
entrain the SCN, while feeding time can 
entrain the “molecular clock” contained 
within peripheral tissues. This enables organs 
such as the gastrointestinal (GI) tract to coor-
dinate function with environmental factors, 
such as food availability.

The GI tract, which has the main functions of 
receiving and digesting food, and expelling 
waste, also shows oscillations in its activity 
during the circadian cycle. While these 
changes are evident under normal conditions, 
GI function is affected when normal circadian 
rhythm is disrupted. Recent reviews have 
assessed interactions between the central 
clock and gut clock; as such, this review aims 
to focus on the presence of endogenous circa-
dian rhythms in the GI tract, with particular 
focus to changes to gastrointestinal motility.

Keywords

Circadian rhythm · Enteric nervous system · 
Intestine · Hypothalamus

18.1  Clock Genes

Circadian rhythm is generated by a transcription- 
translation feedback loop driving expression of 
clock genes [17]. In both diurnal and nocturnal 
mammals, the molecular clock comprises two 
loops: the core loop and auxiliary loop. 
Circadian locomotor output cycles kaput 
(CLOCK) and aryl hydrocarbon receptor 
nuclear translocator- like protein 1 (ARNTL, 
also known as brain and muscle ARNT-like 1 
(BMAL1)) are known as “positive elements” in 
the core loop [17, 18], which dimerize and stim-
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ulate the transcription of “negative elements” 
known as period genes (PER) and cryptochrome 
genes (CRY) while animals are awake (Fig. 18.1) 
[17]. During sleep, the accumulation of PER 
and CRY in the cytosol acts as a transcriptional 
repressor of the CLOCK/BMAL1 heterodimer 
(Fig. 18.1) [17, 19]. The auxiliary loop involves 
the regulation of the BMAL1 promoter region 
by ROR/REV-ERBα, which results in rhythmic 
transcription of BMAL1 [17, 19]. The expres-
sion of genes encoding positive elements and 
negative elements occurs approximately 12  h 
apart [20].

18.2  Circadian Cycle and the Gut

Overall, many components of gastrointestinal 
function are under circadian modulation. Clock 
genes have been identified in peripheral organs, 
including the colon and liver, in rodents, chick-
ens, and humans [20, 23–27]. Expression of Per1, 
Per2, and Bmal1 is evident throughout the gastro-
intestinal tract (Fig.  18.1), with Per and Bmal 
expressed in epithelial cells lining colonic crypts 
in mice [27] and rats [20], as well as in neurons 
of the myenteric plexus in the stomach and colon 
of mice [27]. Approximately 3.7% of genes in the 
mouse distal colon show rhythmic expression 
during the light/dark cycle [28]. Within the gut 
itself, regional variation in clock gene expression 
has been observed, with Per1, Per2, and Bmal1 
and Rev-Erbα phase-advanced in the duodenum 
compared to the distal colon [29].

Peripheral clock gene expression is not 
wholly dependent on cues from the SCN. 
Instead, peripheral clocks are also entrained by 
activities in the gut, most prominently, the tim-
ing of food intake [12]. Further, cues from the 
gut also entrain other peripheral organs, in par-
ticular, the liver and adipose tissue, to coordinate 
metabolic function with feeding times. 
Therefore, it is important to note that while cir-
cadian rhythms in the mammalian SCN occurs at 
the same astrophysical time across both noctur-
nal and diurnal animals, as assessed by the 
cycling of clock genes [30], neuropeptide 
expression [31], and metabolic activity [32]; in 

contrast, the circadian rhythms in the gut and 
peripheral organs show opposite phases between 
diurnal and nocturnal animals [30, 33].

18.2.1  Nutrient Absorption 
and Metabolism

Early studies in the 1970s showed that nutrient 
absorption in the intestine peaked at night in rats, 
when they are usually active and feeding [34–36]. 
Since then, a number of key pathways involved in 
digestion and nutrient absorption have been shown 
to display circadian rhythmicity. Within the gas-
trointestinal tract, these range from the compo-
nents of saliva to intestinal enzyme activity and 
nutrient transporters (reviewed in [16]). In the 
intestinal epithelium, the expression of several 
genes involved in the absorption of sugars, fats, 
and peptides has been shown to fluctuate through 
the circadian cycle. These include the sodium-glu-
cose co-transporter Sglt1, glucose transporters 2 
(Glut2), and Glut5 [37], the intestinal H+-coupled 
peptide cotransporter (Pept1) [38], and the micro-
somal triglyceride transfer protein Mttp, which is 
important for apoB- lipoprotein assembly [39]. 
Further, clock gene elements have been shown to 
target these genes and influence their expression 
levels, either directly [40] or indirectly via other 
transcription factors [41, 42].

Hence, the cycling of clock gene expression is 
key for the control of nutrient absorption. 
Interestingly, this system is led by bidirectional 
communication, as the availability of food and 
timing of food intake are, in turn, crucial controls 
for setting clock gene expression cycles in the gut 
and the periphery.

The original studies in the 1970s already iden-
tified that if laboratory animals were fed at 
restricted times instead of having ad libitum 
access to food, the peaks in nutrient absorption 
would also shift to different times of day. For 
example, when rats could only feed during the 
day, the pattern of glucose and amino acid absorp-
tion also changed to peak during the day [35, 36]. 
Firstly, this change in absorption logically fol-
lows the availability of food. However, it was 
also identified that the pattern of increased day-
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Fig. 18.1 Clock gene expression during the light/dark 
cycle in mice and correlation with gastrointestinal motil-
ity. (a) Changes to mouse clock gene expression in the 
gastrointestinal tract and corresponding changes to 
colonic motility during a standard 12  h light/12  h dark 
cycle [21]. (b) Changes to mouse clock gene expression in 

the gastrointestinal tract and corresponding changes to 
colonic motility during constant darkness for 48 h [21]. 
(c) Changes to clock gene expression in rats and the loss 
of gastrointestinal motility during constant light [22]. 
(Figure created with BioRender.com)
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time absorption was maintained, even if rats were 
fasted for 24 h, suggesting that there are further 
underlying mechanisms at play. Many studies 
have gone on to identify and characterize “food 
anticipatory activities,” a group of activities that 
have been shown to increase in anticipation of the 
availability of food, including changes in diges-
tive enzyme activity, increased body temperature, 
increased duodenal contractions, and increased 
physical activity such as wheel-running [43, 44]. 
These activities were so named as their timing 
was dependent on the availability of food and 
changed when restricted feeding paradigms were 
set [45].

A key study in 2000 by Damiola et al. showed 
that if food availability was restricted to the day-
time (the inactive phase) in mice, the cycling of 
clock genes in many peripheral tissues, including 
the gut, liver, and many major organs became 
shifted, cycling in opposition to their normal pat-
terns [12]. Interestingly, clock gene cycling in the 
SCN remained unchanged, showing that timed 
feeding does not entrain the central pacemaker 
[12]. Since then, the importance of feeding times 
as an entrainer of peripheral circadian rhythms 
has become well established, and many studies 
have identified that food is an important zeit-
geiber, an environmental cue that helps resyn-
chronize clock genes [46, 47]. Changes in insulin 
levels and signaling via the insulin receptor have 
been shown to be a direct link between nutrient 
availability and the setting of clock gene expres-
sion in peripheral organs [48]. The importance of 
feeding times on our metabolism and in relation 
to obesity has been central to many studies and 
has been extensively reviewed elsewhere [49].

18.2.2  Regulation of Intestinal 
Epithelial Cell Proliferation 
and Cancer

The intestinal epithelium forms a tightly con-
trolled barrier between the “external” world of 
the gut lumen and the “internal” body environ-
ment. Intestinal epithelial cells are generated at 
an immense rate of 1011 cells/day in humans [50], 
differentiating from proliferating stem cells and 

transiting amplifying cells in the intestinal crypts 
[51]. Diurnal fluctuations in the mitotic activity 
of intestinal crypt cells were shown over 50 years 
ago, with increased cell division observed at 
night [52]. Circadian fluctuations in the ability to 
induce cell apoptosis have also been demon-
strated using ionizing radiation, with increased 
ability to induce apoptosis at the beginning of the 
day [53, 54]. However, there were also other ear-
lier studies that failed to detect changes in prolif-
eration rates [55, 56]. These could be due to 
differences in regions of the gut examined and on 
the methods used to measure proliferation.

Cycling clock gene expression has been 
observed in the intestinal epithelium, including 
the stem cell niche [27, 57]. Recently, mitosis in 
the crypts of mouse small intestine, as identified 
by phosophohistocine-3 immunohistochemistry, 
was found to be maintained at a constant level 
throughout the circadian cycle under homeostatic 
conditions [58]. However, stem cell proliferation 
was increased during the day following irradia-
tion of the gut to damage the intestinal epithelium 
[58]. This circadian fluctuation in stem cell pro-
liferation was absent in mice lacking Bmal1. In 
addition, in drosophila, intestinal epithelial 
regeneration following damage to the gut by the 
chemical detergent dextran sulfate sodium (DSS) 
is also diurnally regulated [59]. Some studies 
have suggested that without environmental 
inputs, intestinal stem cells by themselves exhibit 
lower circadian rhythmicity, but circadian fluctu-
ations are enhanced by the presence of other dif-
ferentiated epithelial cells via paracrine signaling 
[60].

There are clear links between cell prolifera-
tion and the circadian cycle, as expression of 
many cell cycle and apoptosis genes is regulated 
by clock gene elements, including several cyclins 
and tumor suppressor genes [61, 62]. Therefore, 
dysregulation of the circadian cycle can lead to 
aberrances in cell division [63]. This is highly 
relevant for investigations into cancer initiation 
and treatment [64, 65]. Epidemiology studies 
have shown that there are correlations between 
shift work, a known disrupter of the circadian 
cycle, and the prevalence of breast and prostate 
cancer. Different studies have provided conflict-
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ing evidence for whether there is a clear correla-
tion between shift work and the incidence of 
colorectal cancer [66, 67]. Despite this, shift 
work has recently been classified as a risk factor 
for colorectal cancer [68]. The mechanisms 
underlying the relationship between circadian 
disruption and colorectal cancer remain to be 
investigated. As described above, there are clear 
implications for circadian regulation of intestinal 
stem cell division following injury; however, this 
is more opaque under normal homeostatic condi-
tions. Studies in animal models have shown that 
disruptions to the peripheral circadian cycle by 
mistimed eating, together with alcohol consump-
tion, promote carcinogenesis in the colon [69, 
70]. These changes were shown to implicate the 
intestinal microbiota and immune cells.

18.2.3  Immune Function 
and Influence 
of the Microbiota

The human gastrointestinal tract is host to a vast 
ecosystem of approximately 1014 microorgan-
isms, collectively known as the gut microbiota. 
The gut microbiota has been shown to play 
important roles in many aspects of body function, 
in particular, interacting with our metabolic and 
immune systems. Circadian changes in the gut 
microbiota and immune function have been 
extensively reviewed elsewhere [71–73]. 
Changes in the gut microbiota, both in terms of 
the composition of the different species and their 
gene expression patterns, have been shown to 
fluctuate with the circadian cycle in laboratory 
mice and humans [74]. These changes were 
dependent on the host’s circadian cycle and feed-
ing rhythms [75, 76]. Dysbiosis of the microbi-
ome led to metabolic disruptions in the host mice, 
leading to increased obesity [74]. Changes in the 
microbiome composition and the microbiome 
metabolome were responsible for epigenetic 
changes in not only the host intestinal epithelium 
but also in the liver [77]. The link between the 
microbiome and the development of metabolic 
disease has been the focus of many different stud-
ies [78, 79].

In addition to influencing host metabolism, 
both the circadian cycle and the microbiome have 
important roles in influencing immune function. 
The presence of circadian oscillators in immune 
cells and immune function has been well docu-
mented [80, 81]. Clock genes are expressed by 
many immune cells, and the expression of many 
cytokines and immune cell receptors is regulated 
by clock elements. The most well-known exam-
ple of circadian synchronization of infection is 
probably that of the malaria parasite, from the 
genus Plasmodium. Plasmodium parasites infect 
the hosts’ blood cells and burst from them in a 
co-ordinated synchrony in multiples of 24  h, 
causing periodic fevers in patient [82]. Circadian 
fluctuations in hosts’ melatonin levels have been 
identified as important for synchronizing the 
Plasmodium life cycle [83]; however, this is 
unlikely to be the only signal and factors such as 
blood glucose levels and circulating cytokines 
are also important [84]. How these interactions 
between the host and parasite evolved and what 
advantages they confer are less clear [85]. 
Nonetheless, in the gut, changes to epithelial bar-
rier function, the prevalence of inflammatory 
bowel disease, and colon carcinogenesis are all 
linked to circadian disruption of immune func-
tion [71, 86]. These studies have also raised the 
issue of the importance of timing for providing 
medication to boost drug efficacy and decrease 
drug toxicity [87].

Neural-immune crosstalk has been shown to 
be critical immune function [88] and also plays 
an important role in the control of enteric nervous 
system (ENS) function and gut motility [89]. 
Whether these factors also impact on the circa-
dian control of gut motility has not yet been 
investigated.

18.3  Gastrointestinal Motility 
and the Enteric Nervous 
System

The ENS plays a key role in the regulation of gas-
trointestinal motility. In response to a stimulus, 
such as distension due to the presence of luminal 
contents within the gut, the gut contracts orally 
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due to ascending excitation and relaxes anally 
due to descending relaxation [90]. The gut is nor-
mally in a state of tonic neurogenic inhibition, 
driven by nitric oxide (NO), but this is interrupted 
periodically by bursts of activity in excitatory 
motor neurons leading to a variety of contractile 
patterns (for recent reviews, see [91, 92]).

The two main contractile patterns in the GI 
tract after a meal are segmentation and peristal-
sis, which occur in response to varying states of 
intestinal contents [93]. Segmentation involves 
localized constriction of circular muscle, thereby 
leading to a reduction in GI diameter and 
 movement of content away from the constriction, 
ensuring that intestinal contents are mixed with 
gastric and other secretions, thereby enabling 
optimal digestion and absorption [94–97]. 
Peristalsis involves circular muscle constrictions 
that propagate varying distances from oral to anal 
along the gut, moving the contents along the 
length of the GI tract [98].

The arrival of food in the stomach stimulates 
relaxation of the stomach wall, allowing more 
food to enter the stomach, without increasing 
intragastric pressure. This is referred to as 
“accommodation” and is regulated by the vago-
vagal reflex pathway, which involves interactions 
between the vagus and neurons of the myenteric 
plexus [99], specifically, activating nitrergic neu-
rons and leading to the release of inhibitory neu-
rotransmitters such as vasoactive intestinal 
peptide (VIP) and NO [100]. Peristaltic activity 
in the corpus and proximal antrum moves food 
toward the distal antrum and pyloric sphincter, 
where it is pulverized and mixed with gastric 
secretions to form chyme [101]. This mixing 
activity is achieved through specialized contrac-
tions known as slow waves, which are generated 
by interstitial cells of Cajal (ICCs, [93, 102, 
103]).

The migrating myoelectric complex (MMC), 
a form of very slow peristalsis, typically occurs 
in a fasted state and clears mucosal debris and 
bacteria from the gut lumen [104]. MMCs occur-
ring in the colon are referred to as colonic MCs 
(CMCs) and are useful for assessing changes to 
the neural circuits mediating GI motility [105, 
106]. An example of regional differences in 

motility can be observed in the mouse colon 
[107]. In the proximal colon, both segmentation 
(which optimizes the absorption of water and 
electrolytes) and CMCs can be observed. In the 
mouse distal colon, however, CMCs are the pre-
dominant motor pattern observed [106, 108].

Current understandings of mechanisms in the 
ENS underlying motility in gut have recently 
been reviewed in detail [91, 92]; however, it is 
established that GI motility can be influenced by 
other cell types, such as enteric glia [109], inter-
stitial cells of Cajal [110, 111], immune cells 
[112], as well as other factors such as the gut 
microbiome [113, 114], and circadian rhythm 
[14, 115].

18.3.1  Circadian Cycle 
and Gastrointestinal Motility

As the structure and function of the GI tract vary 
along its length, different changes in GI function 
associated with circadian rhythm can also be 
observed [14, 115]. The following sections will 
focus on changes to gastric and intestinal motil-
ity; however, it has been established that activity 
of the esophagus [116–118] and rectum [119–
121] also oscillate during the circadian cycle.

In both diurnal and nocturnal animals, gastric 
motility increases several hours before a meal 
[97, 122–124]. In mice, this occurs with a corre-
sponding decrease in the mechanosensitivity of 
gastric tension receptors during the active, night 
phase, which allowing more food to be consumed 
before satiety is reached [116]. This oscillation in 
gastric tension receptor mechanosensitivity is 
lost in mice on a high-fat diet, potentially due to 
these mice showing increased food intake during 
the light phase when they would normally be 
asleep [125]. Gastric emptying and slow wave 
contractions also vary during the circadian cycle 
[126–129].

Colonic motility also oscillates during the cir-
cadian cycle in rodents and humans [13, 122]. 
Humans show increased amplitude of colonic 
contractions and increased motility in the morn-
ing compared to night, as well as after consump-
tion of a meal [121, 130–133]. In humans, 
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different regions of the colon show varying activ-
ity during the day, with increased motility 
observed during the day in the descending colon 
compared to the rectosigmoid colon [121]. 
Similarly, mice show increased colonic motility 
and stool production during the night when they 
are awake and reduced colonic activity during 
sleep (Fig. 18.1) [21].

When the circadian cycle is disrupted (known 
as “chronodisruption”), gastrointestinal dysfunc-
tion such as constipation, diarrhea, abdominal 
pain, and bloating are common [134–136]. This 
is especially evident in nurses working rotating 
shifts, who experience increased functional 
bowel disorders such as irritable bowel syndrome 
(IBS) compared to the general population [137, 
138]. Nurses working rotating shifts report more 
severe gastrointestinal symptoms compared to 
nurses working nightshifts only or dayshifts only, 
potentially due to an insufficient rest period 
between night shifts and day shifts as well as 
irregular mealtimes [139, 140]. However, other 
factors such as stress and difficulty of work could 
contribute to these symptoms as well [139–141]. 
This was highlighted in a recent study of ICU 
nurses in Wuhan, China, during the Covid-19 
pandemic, with nurses experiencing GI symp-
toms such as nausea and diarrhea, which were 
exacerbated when risk factors (e.g., exposure to 
bodily fluids of infected patients) occurred [142].

Similarly, pilots and flight attendants have 
increased prevalence of upper GI symptoms 
compared to ground staff, likely due to reduced 
sleep and irregular meals [143–146]. Studies of 
the effects of jet-lag have also been performed in 
rodents; however, while no changes to food 
intake were observed in these mice [74], care 
should be taken when generalizing results of noc-
turnal animals to diurnal animals.

18.3.2  Molecular Mechanisms 
Underlying Circadian Control 
of Gut Motility

These changes to GI motility do not appear to be 
solely dependent on the presence of light. Mice 
kept in constant darkness have shown typical 

cycling of stool production with ad libitum access 
to food; however, this rhythmicity is abolished in 
Per1 and Per2 double knock-out mice (Fig. 18.1) 
[21]. This suggests that instead of light-driving 
peripheral clocks, the cycling of negative clock 
elements is important for this oscillation in 
colonic activity.

Conversely, rats exposed to constant light 
displayed a complete loss of circadian rhyth-
micity of food intake and activity (Fig.  18.1), 
despite the expression of Per1, Per2, and Bmal1 
persisting the duodenum [22]. Bmal−/− mice 
with ad libitum food access also show a loss of 
oscillation of food intake and ghrelin release 
during the light/dark cycle [147]. This has been 
supported by findings of decreased jejunum 
motility and contractility accompanied by an 
increased release of pancreatic enzyme output 
during the night in humans [131, 132]. It has 
also been shown that alterations to clock genes 
can also lead to disrupted GI function. In female 
adults, minor polymorphisms of CLOCK and 
PER3 genes have been associated with reduced 
morning gastric motility [148].

Indeed, changes to neuronal nitric oxide 
synthase (nNOS) and VIP expression in the 
mouse distal colon fluctuates with the circadian 
cycle, with expression reduced at the start of 
the dark phase and increasing over the course of 
the dark phase in mice [28]. This pattern of 
expression persists in mice housed in constant 
darkness [28]. These studies also found that the 
circadian cycling of changes in colonic contrac-
tions was absent in nNOS−/− knockout mice 
[21], highlighting the importance of circadian 
neurotransmission for control of gastrointesti-
nal motility.

Recent single-cell RNAseq studies have pro-
vided insights into the diversity in gene expres-
sion of the enteric neural population. Expression 
of calcitonin gene-related peptide (CGRP), which 
has roles in neuroimmune signaling in the GI tract 
[112, 149], is upregulated in the mouse colon dur-
ing the day compared to night [23]. Cytoskeleton 
genes responsible for neuronal remodeling 
(Tubb2a, Tubb3, and Prph) are also upregulated 
during the day compared to the night in mice [23]. 
Additionally, genes involved in ENS signaling 
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and neuroimmune signaling were expressed 
highly during the day, while transcription factors 
(Nr1d2, Tef, and Dbp) were upregulated in the 
evening [23]. These data suggest potential mecha-
nisms for changes to enteric neural function that 
in turn could explain the changes to GI function 
during the light/dark cycle, which requires addi-
tional studies.

Further investigation of circadian changes in 
enteric neuronal plasticity can be informed by 
existing studies of the central nervous system 
(CNS). In addition to the SCN, there are significant 
changes to neuronal properties in many regions of 
the brain, for example in the cerebellum [150] and 
hippocampus [151–154]. Changes to neurotrans-
mitter expression and activity in the CNS have 
been reviewed in detail, with glutamate, serotonin, 
acetylcholine, GABA, and VIP involved in signal-
ing within the SCN (reviewed in [155]). Whether 
these neurotransmitters have similar roles in circa-
dian rhythm in the ENS remain to be 
characterized.

18.4  Conclusions

It is clear that the circadian rhythm has pro-
found effects on GI function within our daily 
24-h cycles. This occurs through input from the 
SCN and, most importantly, regulation of the 
gut clock by molecular clock genes and stimuli 
such as time of food intake. Apart from changes 
to nNOS and VIP, neuronal plasticity of the 
ENS through the circadian cycle remains to be 
examined. This will allow better understanding 
of the molecular mechanisms underpinning the 
daily fluctuating changes in GI motility. The GI 
tract is a complex milieu of many interacting 
components, including the neural, immune, and 
microbial systems. Understanding the relation-
ship between the circadian control of gut func-
tion will have important implications for 
individuals experiencing chronodisruption, 
leading to improved treatments for GI 
dysfunction.
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19Generation of Gut Motor Patterns 
Through Interactions Between 
Interstitial Cells of Cajal 
and the Intrinsic and Extrinsic 
Autonomic Nervous Systems

Jan D. Huizinga, Amer Hussain, and Ji-Hong Chen

Abstract

The musculature of the gastrointestinal tract is 
a vast network of collaborating excitable cell 
types. Embedded throughout are the intersti-
tial cells of Cajal (ICC) intertwined with 
enteric nerves. ICC sense external stimuli 
such as distention, mediate nerve impulses to 
smooth muscle cells, and provide rhythmic 
excitation of the musculature. Neural circuitry 
involving both the intrinsic and extrinsic auto-
nomic nervous systems, in collaboration with 
the ICC, orchestrate an array of motor patterns 
that serve to provide mixing of content to opti-
mize digestion and absorption, microbiome 
homeostasis, storage, transit, and expulsion. 
ICC are specialized smooth muscle cells that 
generate rhythmic depolarization to the mus-
culature and so provide the means for peristal-
tic and segmenting contractions. Some motor 
patterns are purely myogenic, but a neural 
stimulus initiates most, further depolarizing 
the primary pacemaker cells and the muscula-
ture and/or initiating transient pacemaker 
activity in stimulus-dependent secondary ICC 
pacemaker cells. From stomach to rectum, 

ICC networks rhythmically provide  tracks 
along which contractions advance.

Keywords

Interstitial cells of Cajal · Gastrointestinal 
motility · Peristalsis

Interstitial cells of Cajal (ICC) caught the atten-
tion of Santiago Ramon y Cajal when he was 
searching for a simpler nervous system compared 
to the brain, only to find a network of “accessory 
nerve cells” in the myenteric plexus of the rab-
bit  intestine that did not fit his idea of synaptic 
communication [28]. He correctly interpreted 
ICC to be a gateway of the autonomic nervous 
system (ANS) to the gut musculature. Later, 
Tinel referred to the “interstitial neurons” as the 
terminal cells of the parasympathetic and sympa-
thetic nervous system [35]. We now know that 
interstitial cells originate from the same precur-
sor cells as the smooth muscle cells and trans-
form into several subtypes of intestinal pacemaker 
cells which will become either intrinsically active 
or provide stimulus-dependent pacemaker activ-
ity. In addition, ICC perform sensory functions 
[25] and are intermediates for innervation from 
the enteric nervous system (ENS) to the gastroin-
testinal musculature [36].

J. D. Huizinga (*) · A. Hussain · J.-H. Chen 
McMaster University, Farncombe Family Digestive 
Health Research Institute, Department of Medicine, 
Division of Gastroenterology, Hamilton, ON, Canada
e-mail: huizinga@mcmaster.ca

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
N. J. Spencer et al. (eds.), The Enteric Nervous System II, Advances in Experimental Medicine  
and Biology 1383, https://doi.org/10.1007/978-3-031-05843-1_19

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-05843-1_19&domain=pdf
mailto:huizinga@mcmaster.ca
https://doi.org/10.1007/978-3-031-05843-1_19


206

19.1  ICC as Intermediary 
of Sensory and Motor 
Activities of the Vagus

A connection between the extrinsic ANS and ICC 
was established by Powley and co-workers when 
they discovered that vagal sensory nerves were 
intimately connected to the intramuscular ICC of 
the stomach [25, 26]. The intramuscular arrays 
monitor the physical transformation of the gastric 
intramuscular ICC; the ICC are ideally posi-
tioned to respond to stretch or contractions of the 
many smooth muscle cells with which they are 
connected. The sensory information is relayed to 
the nucleus tractus solitarius (NTS), where it is 
processed while influenced by other brain 
regions, and the decision can be made to initiate 
fundic relaxation and propulsive motor activity. 
The NTS will communicate with the dorsal motor 
nucleus of the vagus to send excitatory stimuli 
via vagal motor neurons back to the musculature 
[4]. Pacemaker activity in the stomach is orches-
trated by both the ICC associated with the myen-
teric plexus (ICC-MP, the primary pacemaker) 
and intramuscular ICC (ICC-IM). ICC-IM help 
transmit the electrical slow wave of the ICC-MP 
into the musculature and, via vagal excitation, 
can change slow wave frequency [14]. ICC-IM 
are also directly innervated by inhibitory and 
excitatory enteric nerves [37]. ICC-IM are not the 
primary pacemaker cells; however, they can gen-
erate stimulus-dependent pacemaker activity, 
thereby modifying the original pacemaker activ-
ity and its function. A major target of gastric 
vagal excitatory neurons is the fundus, to facili-
tate fundic relaxation (adaptive accommodation). 
Another target is the myenteric plexus in the 
 corpus where enteric nerves can be excited to 
stimulate the musculature into propulsive motor 
activity, the characteristic 3  cpm propulsive 
waves that travel along the stomach from corpus 
to pylorus, functioning to mix and grind content 
for emulsification and to allow transit into the 
small intestine.

It appears that the brain is continuously moni-
toring the gastric pacemaker activity generated 
by the ICC-MP.  A study by Richter et  al. [30] 
found significant electrophysiological communi-
cation between gastric pacemaker activity and 

the alpha rhythm within certain regions of the 
cerebral cortex, including the right anterior 
insula. In other words, they found a role for inter-
stitial cells of Cajal in interoception, the sensory 
system responsible for detecting internal regula-
tion responses. The gastric slow wave, as moni-
tored by the right anterior insula, modified its 
alpha rhythm through phase amplitude coupling; 
the phase of the lower frequency gastric pace-
maker modulated the amplitude of alpha waves 
in the anterior insula [17]. It is likely that the 
communication between the stomach and  the 
anterior insula is mediated by vagal sensory 
nerves that monitor the network of ICC-MP and 
ICC-IM.

A sensory role for ICC-IM has also been pro-
posed for the rectum. De Lorijn et al. showed that 
rectal distension-induced inhibition of the inter-
nal anal sphincter was markedly impaired in 
WWv mice that lack ICC-IM [8]. In these experi-
ments, nitrergic innervation and functional inhi-
bition were not impaired, just the sensory aspect 
of nitrergic inhibition. Since no abnormality was 
found in the ENS, it is likely that the absence of 
ICC hindered sensory information processing 
into the spinal cord so that sacral parasympa-
thetic nerves would not be triggered to activate 
nitrergic nerves to relax the internal anal 
sphincter.

19.2  The Migrating Motor 
Complex (MMC)

Vagal excitation is responsible for the migrating 
motor complex (MMC), the characteristic motor 
pattern that occurs at regular intervals in the 
stomach during fasting [13]. The MMC is also 
called the housekeeping complex, first charac-
terized by Szurszewski [33]. All components of 
the MMC in the lower oesophageal sphincter 
and stomach normally require vagosympathetic 
integrity [13]. The vagus exerts a wave of excita-
tion over the stomach during phase III (a period 
of continuous propulsive activity) of the MMC. 
The vagal innervation of the myenteric plexus is 
not to excite a special set of command enteric 
neurons to initiate a programmed excitation [24], 
but rather the vagus sends numerous varicose 
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neurons into the ganglia of the myenteric plexus, 
thereby likely exciting numerous cellular struc-
tures including the ICC-MP and glial cells. 
Hence the varicose nerve endings of the vagal 
motor neurons are part of a network of excitable 
cells within the ganglia [15] (Fig. 19.1a) that, as 
a network, generate motor patterns [24]. 
Varicosities send neurotransmitters into the 
extracellular space, thereby no doubt exciting 
ICC that occupy this space [20] (Fig.  19.1b); 
thus, we speculate that the vagal motor neurons 
directly communicate with the ICC-MP.  Other 
cells that are likely influenced by vagal excita-
tion are glial cells and specialized PDGFalpha+ 
fibroblast-like cells that have been demonstrated 
to form gap junctions with ICC [16]. PDGFalpha+ 
cells might even be gateways of sympathetic 
innervation to ICC [32].

The wave of neural activity induced by the 
vagus excites the ICC-MP network and the 
smooth musculature, and the consequence is 
propagating pressure waves at the frequency and 
propagation velocity of the slow waves generated 
by ICC-MP.  This is illustrated with high- 
resolution manometry in humans (Fig. 19.2). The 
ICC-driven pressure waves propel content in the 
pyloric direction, and when the wave of neural 
excitation enters the small intestine, the motor 
pattern changes into intestinal ICC-MP-directed 
activity, increasing the frequency of the propul-
sive waves of contraction as well as their 

 propagation velocity (Fig. 19.2). The frequency 
and duration of the wave of neural excitation 
remain in the realm of the vagus, with the ENS 
taking over from the vagus in the middle and dis-
tal part of the small intestine.

19.3  Duodenal Propulsive 
Activity

The importance of intestinal motility is illustrated 
by the fact that even a temporary absence due to 
surgical manipulation can be fatal [38]. The small 
intestine generates both pure myogenic motor 
patterns and motor activity initiated by neural 
activity. A pure myogenic motor pattern was doc-
umented by an in vivo study in the mouse duode-
num [9] and a neurally mediated motor pattern, 
incorporating myogenic control systems, was 
illustrated by an in vitro study of the human small 
intestine [21].

When contrast fluid is gavaged into the stom-
ach of a mouse, its arrival in the duodenum sets 
off rhythmic waves of contraction, propagating in 
anal direction to free the duodenum from content 
to allow more arrivals from the stomach. 
Spatiotemporal mapping shows that lumen- 
occluding contractions propel the contrast fluid at 
the frequency of the ICC-MP generated slow 
waves that travel into and dominate the electrical 
activity of the musculature (Fig. 19.3a) [9].

Fig. 19.1 Do varicose vagal nerve endings directly com-
municate with ICC-MP? (a) Vagal preganglionic label in 
ganglia of the myenteric plexus of the rat stomach show-

ing the many varicose nerve endings [15] (b) Myenteric 
plexus of the guinea pig antrum with c-kit positive ICC in 
green [20]
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Fig. 19.2 Phase III of the migrating motor complex tra-
versing the human stomach and small intestine. Phase III 
can be seen to be composed of propulsive contractions at 
the slow wave frequency of the stomach, and when the 

vagal excitation enters the small intestine, the contractions 
obey the laws of the ICC-MP of the small intestine. (From 
Conklin et al. [7])

Fig. 19.3 (a) Lumen occluding (see arrows) contractions 
travels the proximal duodenum at the frequency and prop-
agation velocity of the ICC-MP of the mouse small intes-

tine in  vivo. (b) Extracellular electrical activity of the 
mouse duodenum. (From Der-Silaphet et al. [9])

Although this myogenic motor pattern is often 
referred to as “ripples,” this may give the wrong 
impression of minor effectiveness. As can be 
seen in Fig. 19.3a, the contractions can be lumen 
occluding and move the entire content of the 
small intestine in an anal direction [9].

19.4  The Minute Rhythm 
Contraction Pattern 
in the Human Small Intestine

Rhythmic waves of neural excitation by the ENS 
were seen to travel along a section of the human 
terminal ileum in  vitro, facilitated by distension 

[21]. Its duration at any time point was about 
50  seconds. This transient excitation depolarized 
the ICC of the myenteric plexus as well as the mus-
culature leading to the generation of propulsive 
contractions at the frequency and propagation 
velocity of the ICC-MP pacemaker activity and pri-
marily propagating in anal direction. In short seg-
ments, where no ripple frequency gradient could be 
detected, the propagation direction was mixed, 
with simultaneous pressure waves dominating. 
Without neural stimulation, ripples occurred at the 
intestinal ICC-driven pacemaker activity, with rela-
tively low amplitude and  propagating in oral or 
aboral direction or appearing simultaneously. After 
neural stimulation, the propagation direction 

J. D. Huizinga et al.



209

became predominantly in anal direction, and the 
force of contraction increased. The ICC-driven 
pressure waves reached values of ~150 mmHg as 
shown in Fig. 19.4. When the amplitude increased, 
the individual contractions could fuse to generate a 
wide contraction [21].

19.5  The Segmentation Motor 
Pattern as Described by 
Cannon

The slow waves of the small intestine are not 
only responsible for rhythmic propulsive pres-
sure waves but are also involved in segmentation, 
non-propulsive motor patterns that promote 
absorption and mixing of content with digestive 
enzymes and microbiota. Any local non- 
propulsive motor pattern can provide segmenta-
tion, but in the mouse small intestine, we observed 
a persistent, highly organized segmentation 
motor pattern that was in its architecture identical 
to the pattern observed by Cannon in the cat 
intestine [5]. At any point along the intestine dur-
ing segmentation, non-propulsive contractions 
alternate with quiescence of similar duration at 
the slow wave frequency. When we analysed the 
frequency spectrum of the transient contractions 
within this motor pattern, two frequencies 
appeared; one was the dominant pacemaker 

activity, and one was much slower. The slower 
oscillation caused waxing and waning of the 
amplitude of the pacemaker-driven contractions 
[18]. We discovered that the ICC-DMP could 
generate oscillatory activity in the low frequency 
range. Hence, we hypothesized that the induction 
of the low frequency slow wave in the ICC-DMP 
by fatty acids, and possibly other stimuli, either 
directly or via enteric sensory neurons, would 
induce the segmentation motor pattern [18, 40]. 
Interestingly, a similar pattern was observed in 
the study by Kuizenga et al. in the human small 
intestine [21]. As shown in Fig. 19.5, two oscilla-
tions are seen: one due to the 6 cpm human ileal 
pacemaker activity and the other creating waxing 
and waning [21]. The periods of waxing and 
waning appeared semi-random in this section, 
suggesting that the entire pattern is likely causing 
the segmentation activity [18]. A reliable stimu-
lus for the segmentation activity in the mouse 
small intestine is decanoic acid, and when its 
effect was studied with intracellular electrodes, it 
evoked a slow oscillation that caused waxing and 
waning of the pacemaker slow wave [22]. This 
suggests that fatty acids may induce this motor 
pattern in humans. Consistently, Bornstein and 
co-workers showed that decanoic acid, 
L-phenylalanine and L-tryptophan could induce 
segmentation motor patterns in the guinea pig 
small intestine [12].

Fig. 19.4 A propagating wave of neural excitation in the human ileum in vivo evokes clustered contractions orches-
trated by the ICC-MP pacemaker cells. (From Kuizenga et al. [21])
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Fig. 19.5 Fibreoptic manometry pressure recordings of a 
section of the human ileum in vitro. Two oscillatory activ-
ities can be seen, a ~  6  cpm oscillations directed by 

ICC-MP and a much slower oscillation identified by the 
waxing and waning of the 6  cpm pressure transients. 
(From Kuizenga et al. [21])

19.6  The High-Amplitude 
Propagating Pressure Wave 
(HAPW) in the Human Colon

The HAPW is a critical propulsive activity of the 
human colon that serves to propel content anally 
and is essential for the preparatory phase of def-
ecation [1, 2, 10] and for defection itself [29]. A 
pancolonic HAPW initiated by rectal distension 
or rectal bisacodyl is a response to a wave of neu-
ral excitation that involves sacral sensory nerves, 
vagal and sacral parasympathetic autonomic ner-
vous system activity, and activity of the ENS [3, 
11, 39]. The HAPW is associated with a cyclic 
motor pattern at ~12 cpm [23], and the HAPW 
itself can be seen to be composed of 12 cpm pres-
sure waves when the strength of the stimulus that 
generates the HAPW is diminishing, see 
Fig. 19.6. and Huizinga et al. [19]. We hypothe-
size that the motor pattern underlying both the 
HAPW and the subsequent 12 cpm cyclic motor 
pattern are orchestrated by excitation of ICC-MP 
that have been shown to generate this frequency 
in electrophysiological in  vitro experiments [6, 
27]. A ~ 12 cpm electrical slow wave is also seen 
to be dominant in human in vivo recordings [31, 
34]. The neural stimulus determines the ampli-

tude, propagation direction and velocity of the 
HAPW, whereas the ICC-MP determine the 
orchestration of the individual propulsive pres-
sure waves within the HAPW. The 12 cpm pres-
sure waves that underlie the HAPW are 
summating to generate the high pressure, and the 
individual pressure waves cannot be distin-
guished except in the tail end of the HAPW. This 
summation of myogenic pressure waves was also 
suggested to occur in the human ileum [21].

In summary, the gastrointestinal musculature 
is principally an expansive network of excitable 
cells that form close connections and together 
generate and command electrical slow wave pat-
terns that evoke motor activities underlying tran-
sit and segmentation. Many stimuli make use of 
the ever-present and active network of ICC pace-
maker cells to finalize the program of motor pat-
tern generation. Some motor patterns are purely 
myogenic, but a neural stimulus initiates most, 
either depolarizing the primary pacemaker cells 
and the musculature or initiating transient pace-
maker activity in stimulus-dependent secondary 
ICC pacemaker cells. Both the enteric and the 
extrinsic autonomic nervous systems program 
motor patterns from the oesophagus to the colon, 
making use of the tracks laid down by the ICC.

J. D. Huizinga et al.
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Fig. 19.6 The 12 cpm cyclic motor pattern underlies the 
HAPW. The tail end of the HAPW can be seen as com-
posed of 12 cpm pressure waves. The 12 cpm pressure 

waves in the body of the HAPW summate into a strong 
propulsive motor pattern (Modified from Pervez et al. 
[23])
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20Refining Enteric Neural Circuitry 
by Quantitative Morphology 
and Function in Mice

Marthe J. Howard

Abstract

RNA-Seq, electrophysiology and optogenet-
ics in mouse models are used to assess func-
tion, identify disease related genes and model 
enteric neural circuits. Lacking a comprehen-
sive quantitative description of the murine 
colonic enteric nervous system (ENS) makes 
it difficult to most effectively use mouse data 
to better understand ENS function or for 
development of therapeutic approaches for 
human motility disorders. Our goal was to 
provide a quantitative description of mouse 
colon to establish the extent to which mouse 
colon architecture, connectivity and function 
is a useful surrogate for human and other 
mammalian ENS.  Using GCaMP imaging 
coupled with pharmacology and quantitative 
confocal and 3D image reconstruction, we 
present quantitative and functional data dem-
onstrating that regional structural changes and 
variable distribution of neurons define neural 
circuit dynamics and functional connectivity 
responsible for colonic motor patterns and 
regional functional differences. Our results 

advance utility of multispecies and gut region- 
specific data.

Keywords

ENS · Neural circuits · Optogenetics · 
Synaptic function · Enteric morphology

20.1  Introduction

In the gastrointestinal tract, the enteric nervous 
system (ENS) controls secretion, blood flow, 
nutrient transport, immune interactions and peri-
stalsis (muscle motor control). The ENS com-
prises two ganglionated plexuses located between 
the inner circular and outer longitudinal layers of 
smooth muscle (myenteric plexus) and in the 
submucosal layer of connective tissue (submuco-
sal plexus) [16, 17, 37, 46, 51]. The integrated 
activity of intrinsic motor pattern-generating cir-
cuits and reflexes underpins the neural regulation 
of gastrointestinal function. Intrinsic neural con-
trol is integrated and modulated by signals from 
the epithelium [15, 26, 46, 51] as well as the 
parasympathetic and sympathetic branches of the 
autonomic nervous system [16, 38, 46, 48, 51].

Enteric neurons have been classified accord-
ing to projection pattern, neurochemical code, 
functional activity and morphology [4, 5, 9, 14, 
16, 25, 31]; significant species and gut regional 
differences in these criteria have been identified 
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by a number of groups [16, 19, 22, 49, 50] sug-
gesting that there may not be a unifying neural 
circuit that comprehensively defines ENS func-
tion. In the colon, there are region-specific motor 
patterns that likely reflect colonic architecture [6, 
8, 24, 47] but details of ganglion architecture and 
functional connectivity have been lacking.

A roadblock to understanding functional neu-
ral circuitry in the murine ENS is the dearth of 
information detailing, in quantitative terms, the 
structural architecture, ganglion morphology, 
connectivity and distribution of neurons by neu-
rochemical code. Although an enormous amount 
of data are available, we set out to develop a pre-
dictive neural circuit model of the mouse colonic 
ENS and found that comprehensive quantitative 
data, not available in the literature, were required. 
We thus undertook to describe in some detail 
aspects of the mouse colon required to generate 
such a model. In so doing, we have shown that 
mouse colon morphology and ENS are best 
described in three regions that can be delineated 
both by structure and function. We provide sig-
nificant insight into the structural underpinnings 
of motor patterns and fill several important gaps 
in our understanding of ENS circuit 
connectivity.

20.2  Quantitative Morphology

The approach we took to accomplish a quantita-
tive description of the colonic myenteric plexus 
was to combine tiled confocal imaging and 3D 
reconstruction to measure and/or describe cell- 
to- cell and ganglion-to-ganglion connectivity, 
architecture and morphology in samples obtained 
from mouse proximal, middle and distal colon. 
Ganglion size, neuron number, volume and dis-
tribution were measured. These quantitative 
assessments were linked with functional studies 
employing electrical stimulation or GCaMP6F or 
GCaMP6S calcium imaging and pharmacology 
(manuscripts detailing these studies are in revi-
sion, [27, 33]).

Tracing studies of dye-filled enteric neurons 
and electrophysiology has defined our under-
standing of ENS neuron morphology and con-

nectivity [1, 2, 12, 18, 34]. Although incredibly 
important, this approach leaves gaps in our 
knowledge due to the limitations imposed by the 
size of neurons most likely to be impaled as well 
as their location within a ganglion. An additional 
limitation is that the full extent of neurite arbori-
zation as well as identification of specific neural 
targets is difficult to achieve. By measuring 
myenteric neuron area and volume in whole-
mount samples or in FAC-sorted myenteric gan-
glion neurons, a significant number of small 
neurons, not likely to be impaled successfully 
were identified. Interestingly, although IPANS 
were routinely found to be the majority of the 
largest neurons, small IPANS were identified as 
well; a similar size distribution has been reported 
for guinea pig [23] and mouse colon [18]. A 
broad distribution of neuron sizes is apparent for 
a variety of species [20]. The distribution of neu-
ron sizes appears to be random between neuron 
types defined by neurochemical code, and within 
ganglia; no significant differences were identified 
between proximal, middle and distal colon. This 
is potentially important as there is a significant 
change in ganglion size when comparing proxi-
mal, middle and distal colon in adult mouse. The 
myenteric ganglia in proximal colon are large 
with up to 300 neurons per ganglion [33]. The 
number of neurons per ganglion decreases gradu-
ally from proximal to middle colon and further 
decreases in distal colon where ganglia can be 
quite small (~20 neurons/ganglion). This change 
in ganglion size opens a number of questions 
related to relative cell type distribution. Recent 
single-cell RNA-Seq studies suggest that infer-
ring function from neurochemical code may lead 
to erroneous conclusions [10, 28, 52, 53]; fea-
tures such as receptor subtypes, ion channel sub-
types and newly identified neuromodulators 
complicate our ability to classify neurons or infer 
function using a limited number of characteris-
tics [24, 11].

Examination of tiled confocal images indi-
cated that the overall architecture of the mouse 
colon had regional specificity which was con-
firmed by measuring ganglion volume, patterns 
of ganglion-to-ganglion connectivity and neuron- 
to- neuron connectivity [33]. The packing of gan-
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glia in the mouse proximal colon is dense with 
ganglia much closer together in both the longitu-
dinal and circumferential directions when com-
pared to the middle or distal colon. The length 
and architecture of internodal strands in the prox-
imal colon is much smaller than in middle or dis-
tal colon and the way that ganglia appear to be 
connected also differs. In the proximal colon, 
there is a significant amount of intraganglionic 
connectivity and process pass-through in the cir-
cumferential direction with axons traversing 
through one ganglion before projecting to a gan-
glion in either the oral or anal direction. Although 
we provide a more detailed picture of colon con-
nectivity, especially in regard to IPANS, the pat-
tern is similar to that found in guinea pig [18] and 
other species [1, 12, 22, 34]. The caliber of inter-
nodal strands in proximal colon is greater than in 
more distal parts of the colon, but patterns of 
ganglion-to-ganglia connectivity is more varied 
in middle and distal colon compared to proximal 
colon. In middle and distal colon, there is a sig-
nificant amount of connectivity between one gan-
glion and one or more internodal strands; this 
pattern is not obvious in the proximal colon. 
Differences in the patterns of ganglion-to- 
ganglion connectivity are reflected in regional 
functional differences discussed below.

Of particular interest was our observation of 
intraganglionic synaptic connectivity [33]. As far 
as we are aware, ours is the first demonstration of 
intraganglionic structural or functional neural 
signaling in the ENS. Furness et al., [18] reported, 
in mouse distal colon, suggestive data indicating 
that IPANS within a single ganglion make func-
tional synaptic connections in neighboring gan-
glia. This demonstration that IPANS in the mouse 
colon had functional connectivity comparable to 
that in guinea pig highlights that there are some 
unifying aspects of functional connectivity, 
broadening the utility of multispecies data. It has 
been dogma that peripheral ganglia are way- 
stations and that there is little to no intragangli-
onic neural signaling; it is significant to show this 
kind of neural interaction as it is necessary to 
understand neural circuitry and functional con-
nectivity. Intraganglionic synaptic signaling in 
the colon could account for aspects of colonic 

motor patterns not comprehensively explained by 
current data; this concept is discussed in more 
detail below. The overall morphology and con-
nectivity of IPANS in the mouse colon are similar 
to that reported in guinea pig [13, 18, 43] and also 
more complex. We identified a new kind of IPAN 
in the proximal and middle colon [32, 33, 36] that 
expresses CGRPA (IPANA) rather than CGRPB, 
has both Dogiel type I and type II morphology, 
and its terminals surround neurons in neighbor-
ing ganglia with basket-type endings that are 
more complex than those observed in the guinea 
pig [3, 12, 40–42]. This result is confirmed by 
single-cell RNA-Seq data [10]. IPANA neurons 
do make synapses on neurons close to their soma, 
indicative of intraganglionic connectivity. This 
could impact initiation of colonic reflexes since 
distension or other mechanical forces have been 
shown to activate some interneurons as well as 
IPANS [29, 30, 43, 44]. It is of interest that based 
on single-cell RNA-Seq data from mouse colon, 
somatostatin is exclusively expressed in only a 
single class of colonic IPAN [10]. This result is 
significant as it has been accepted that somatosta-
tin is expressed in interneurons and that it impacts 
motility [21, 25, 35]. This could have significant 
functional consequences as we have shown, using 
GCaMP6f imaging in cholinergic neurons, that 
agonist binding of somatostatin significantly 
dampens the responses evoked by nicotinic ago-
nists while depressing the frequency of spontane-
ous calcium transients [33], indicating at least 
two forms of synaptic regulation; one impacting 
presynaptic regulation and the other post- synaptic 
control. These results highlight the utility of 
single- cell RNA-Seq data in providing refined 
identification of functionally relevant molecules 
and receptors in transcriptionally defined cells.

20.3  Functional Connectivity

When thinking about functional connectivity in 
the mouse colon, and being cognizant of the mul-
tiple motor patterns coupled with the regional 
differences in myenteric ganglion architecture, 
morphology and connectivity we identified, we 
undertook to assess function using GCaMP imag-
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ing coupled with electrical stimulation and phar-
macology [27, 33]. Several recent papers have 
focused on the mouse colon since there had not 
been electrophysiological recordings in proximal 
colon with intact neural circuitry. Studies focused 
on the control of smooth muscle electrical activ-
ity [8, 24, 45, 47] demonstrate that the rhythmic 
electrical activity in smooth muscle is neurogenic 
in nature [7, 45, 47] and that more complex motor 
patterns observed in the proximal colon, com-
pared to the distal colon are likely due to differ-
ences in neural network connectivity [24]. 
Although quite significant, these investigations 
left unresolved issues regarding the relationships 
between neurogenic signaling, myenteric gan-
glion architecture, connectivity and neuron type 
distribution.

The differential distribution of ganglia, gan-
glion size and patterns of connectivity in the 
proximal compared to the distal colon has an 
impact on neural signaling and thus patterned 
motor activity [24, 27, 33, 39, 47]. We showed 
that summation of spontaneous activity precedes 
colonic motor complex formation (CMC), in 
both proximal and distal colon, but found that 
CMCs were more frequent in the proximal com-
pared to distal colon supporting our morphologi-
cal data demonstrating differences in neural 
network circuitry. In the colon, responses to elec-
trical stimulation close to the image recording 
site, showed no differences between proximal 
and distal colon early response but a significant 
increase in summation and duration of activity in 
the late response, which is correlated to CMCs, in 
proximal colon [33]. Li et al. [24] argued that the 
increased neuron number and larger connective 
fiber density in proximal colon could not explain 
the larger number of neurons responding to elec-
trical stimulation; we posit that this can be 
accounted for by intraganglionic connectivity 
coupled with differences in connectivity patterns 
and data showing that a significant number of 
neurons in the proximal colon have synaptic 
delays up to 65 ms indicating poly-synaptic con-
nectivity [27, 33]. Interestingly, the delayed 
responses we observed in distal colon were gen-
erally of smaller amplitude and did not occur at 
distances greater than 20 mm from the stimulat-

ing electrode, while larger amplitude responses 
detectable at greater than 60 mm from the stimu-
lation site were observed in proximal colon [33]; 
this pattern supports the idea that in the proximal 
colon, local neural circuits are arrayed in parallel, 
as previously suggested [24]. We suggest further, 
that in the proximal colon, inputs from both short 
and long distance are integrated resulting in self- 
generating circuit activity, while in the distal 
colon, information transfer occurs in series with-
out the modulation or integration observed in 
proximal colon. Together these data support and 
extend previous conclusions that circuit connec-
tivity, ganglion morphology and organization 
underlie regionally diverse motor function. Based 
on single-cell RNA sequencing (Howard unpub-
lished data; [10, 28, 52, 53]) and our assumption 
that differential distribution of neurotransmitter 
receptors could contribute to regional functional 
specificity, we showed regional distribution of 
5HT-3 receptors and neuronal nicotinic acetyl-
choline receptors in the mouse colon; the per-
centage of neurons that respond only to nicotinic 
agonist was significantly higher in the proximal 
colon while those that only respond to 5HT was 
significantly higher in the distal colon [27, 33]; 
this has been confirmed by single-cell transcript 
profiling that identified a significant increase of 
5HT-3 receptors in distal colon [10]. Neurons 
that responded to both 5HT and nicotinic agonist 
were most abundant in the middle colon [33]. It 
has been reported that significantly more neurons 
depend upon cholinergic inputs in the distal colon 
compared to proximal colon and which responses 
are more apparent at a distance from the stimula-
tion site [24] suggesting polarized mono-synaptic 
connectivity. Our quantification of neuron distri-
bution indicated that the number of cholinergic 
neurons decreased from proximal to distal colon 
while the number of neurons expressing NOS 
increased [24, 33] indicating that the increased 
reliance on cholinergic input in the distal colon 
reflects long axons originating aboral to the 
recording site and not an increased number of 
cholinergic neurons; this increased reliance on 
cholinergic input could also reflect an increase in 
the number and/or class of neuronal nicotinic 
acetylcholine receptors as suggested by RNA- 
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Seq data [10]. In the proximal colon, based on 
neuron-to-neuron connectivity and functional 
studies, we suggest that there is an increased 
number of short distance and poly-synaptic con-
nectivity resulting in reverberating neural activa-
tion. In total, our results support the idea that at 
least two types of neuron-to-neuron connectivity 
account for regionally identifiable motor patterns 
in the colon. The differences in the data between 
ours and Li et al., [24] could be based on the fact 
that Li et al., [24] combined electrical stimulation 
and nicotinic receptor antagonism with calcium 
imaging while Nestor-Kalinoski et  al., [33] 
assessed responses to receptor agonists avoiding 
issues related to potential receptor desensitiza-
tion and stimulated release of additional neu-
rotransmitter or modulators whose synaptic 
effects would not be directly assessable. 
Currently, the most parsimonious conclusion is 
that in the distal colon, peristaltic activity is 
underpinned by mono-synaptic connectivity and 
the more complicated patterns in the proximal 
colon responsible for mixing are the result of 
poly-synaptic and reverberating intra-and inter-
ganglionic synaptic connectivity.

20.4  Conclusion

We tested the possibility that in the colon, under-
lying structure of the myenteric plexus, provides 
the underpinning for regional functional differ-
ences. This idea is not novel (Furness; Spencer 
Costa Li), but earlier studies leave many unan-
swered questions. Our data suggest that the 
increased complexity in neurogenic activity and 
motor patterning in the proximal colon is under-
pinned by the significantly larger number of neu-
rons, intraganglionic and poly-synaptic 
connectivity, and distribution of neurotransmitter 
receptors.
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Abstract

Enteric neuropathy underlies long-term gas-
trointestinal (GI) dysfunction associated with 

several pathological conditions. Our previous 
studies have demonstrated that structural and 
functional changes in the enteric nervous sys-
tem (ENS) result in persistent alterations of 
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intestinal functions long after the acute insult. 
These changes lead to aberrant immune 
response and chronic dysregulation of the epi-
thelial barrier. Damage to the ENS is prognos-
tic of disease progression and plays an 
important role in the recurrence of clinical 
manifestations. This suggests that the ENS is a 
viable therapeutic target to alleviate chronic 
intestinal dysfunction. Our recent studies in 
preclinical animal models have progressed 
into the development of novel therapeutic 
strategies for the treatment of enteric neuropa-
thy in various chronic GI disorders. We have 
tested the anti-inflammatory and neuroprotec-
tive efficacy of novel compounds targeting 
specific molecular pathways. Ex vivo studies 
in human tissues freshly collected after resec-
tion surgeries provide an understanding of the 
molecular mechanisms involved in enteric 
neuropathy. In vivo treatments in animal mod-
els provide data on the efficacy and the mech-
anisms of actions of the novel compounds and 
their combinations with clinically used thera-
pies. These novel findings provide avenues for 
the development of safe, cost-effective, and 
highly efficacious treatments of GI disorders.

Keywords

Enteric neuropathy · Inflammatory bowel 
disease · Chemotherapy · Apurinic/apyrimi-
dinic endonuclease/redox factor-1 (APE1/
Ref-1) · High mobility group box protein 1 
(HMGB1)

Enteric neuropathy associates with many gastro-
intestinal (GI) disorders and underlies symptoms 
of GI dysfunction, including inflammatory bowel 
diseases (IBD) and chemotherapy-induced 
toxicity.

More than 7 million people suffer from IBD 
worldwide. Current treatments include cortico-
steroids and immunosuppressive therapy, which 
cause severe side effects including liver toxicity 

and immunosuppression. Biological therapies 
have fewer side effects but require hospitalization 
and intravenous infusions. Most IBD patients 
undergo surgery during the course of the disease. 
About 40% of Crohn’s disease patients require 
repeated surgeries to remove inflamed parts of 
the intestine. Many IBD patients end up with 
colostomy after the resection of the entire colon. 
Moreover, IBD patients are at a high risk of 
developing colorectal cancer [1]. Colorectal can-
cer (CRC) is the second most common cancer 
worldwide; it is often asymptomatic at the early 
stages, and, therefore, in most cases, it is diag-
nosed at the advanced stages, when the tumour 
penetrates through the wall of the GI tract and 
blood appears in the stool. If diagnosed at the 
early stages, resection surgery is followed by 
chemotherapy; if diagnosed at the later stages, 
chemotherapy is the main treatment and in the 
case of rectal cancer radiotherapy. All chemo-
therapeutic drugs currently used clinically have 
severe neurotoxic and GI side effects [17]. 
Peripheral sensory neuropathy and GI side 
effects, such as nausea, vomiting, diarrhoea and 
constipation, are the main reasons for the reduc-
tion of the dose of the chemotherapy and treat-
ment cessation, which significantly reduces the 
efficacy of anticancer treatment. Traditionally it 
was accepted that the GI side effects are due to 
mucosal damage (mucositis) [30]. Although 
mucositis plays an important role in pathophysi-
ology of chemotherapy-induced GI adverse 
effects, however, mucosa regenerates very fast, 
but these side effects last many years after the 
end of chemotherapy in cancer survivors [15], 
suggesting that not only mucosa but also other 
structures are also affected. Our studies in colon 
tissues from IBD and CRC patients demonstrate 
that chronic inflammation and chemotherapy 
cause functional and structural damage to the 
enteric nervous system (ENS) innervating GI 
tract, making enteric neurons a viable target for 
effective therapies to attenuate GI dysfunction 
[5]. Our previous studies found that oxidative 
stress is a major contributor to enteric neuronal 
damage and death induced by intestinal inflam-
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Fig. 21.1 APE1/Ref-1 is a vital dual functioning mole-
cule containing a redox activating domain and a DNA 
repair domain

mation and platinum-based chemotherapeutic 
agent, oxaliplatin [11, 14].

One of the molecular targets identified by our 
studies is apurinic/apyrimidinic endonuclease/
redox factor-1 (APE1/Ref-1). APE1/Ref-1 is a 
dual functional protein with endonuclease activ-
ity involved in the base excision repair (BER) 
pathway, which is critical for neuronal mitochon-
drial and nuclear DNA repair (Fig. 21.1). DNA 
repair is an important neuroprotective mecha-
nism used for limiting neurotoxicity due to oxi-
dative stress, direct toxicity and inflammation. 
APE1 also functions as a major reducing- 
oxidising (redox) factor that augments the bind-
ing of many transcription factors to DNA, 
including activator protein-1 (AP-1), nuclear fac-
tor kappa B (NF-κB), p53, the cAMP response 
element-binding protein (CREB), and hypoxia- 
inducible factor-1-α (HIF-1α), that play impor-
tant roles in stress responses and various disorders 
[29, 32]. Professor Kelley’s group is the first to 
identify that the repair function of APE1 contrib-
utes to the survival of non-dividing post-mitotic 
cells following oxidative DNA damage. Novel 

small-molecule compounds, APX3330 and its 
analogues, developed by Professor Kelley, 
directly and specifically inhibited APE1’s redox 
signalling and enhanced DNA repair in dorsal 
root ganglia (DRG) neurons [7]. These com-
pounds are highly effective in preventing or 
reversing cisplatin-induced sensory neuropathy 
without diminishing its anticancer efficacy [10]. 
Moreover, APX3330 demonstrated effective 
tumour-killing properties [26]. APX3330 is 
widely reported to be a direct, highly selective 
inhibitor of APE1 redox activity that does not 
affect the protein’s endonuclease activity in 
tumours and enhances DNA repair in neurons. 
APX3330 is well absorbed orally with a bioavail-
ability of >60%.

We hypothesised that using APX3330  in our 
animal models of IBD and chemotherapy, we 
will be able to block oxidative stress, prevent 
DNA damage and enhance DNA repair, which 
will alleviate enteric neuropathy and improve GI 
functions (Fig. 21.2).

We used the Winnie mouse model of sponta-
neous chronic colitis. These mice have a point 
mutation in the Muc2 mucin gene (C57BL/6 back-
ground) leading to intestinal inflammation result-
ing from a primary intestinal epithelial defect [4, 8]. 
All Winnie mice develop mild spontaneous inflam-
mation in the colorectum, which is developed in 
by 6–7 weeks of age (young adults) in pathogen-
free conditions; it progresses over time and results 
in severe colitis by the age of 12–16 weeks. This 
is due to a thinner mucus layer allowing increased 
intestinal permeability and thus enhanced suscep-
tibility to luminal toxins normally present within 
the gut. Winnie mice display symptoms of chronic 
diarrhoea, ulcerations, rectal bleeding and pain, as 
well as changes in microbiota composition similar 
to human IBD. Our RNA sequencing studies of 
the colons from Winnie mice demonstrate that this 
model accurately represents ulcerative colitis with 
91% similarity in the expression of inflammation- 
associated genes, as well as 88% similarity to 
males with Crohn’s disease. In comparison, 
16.1% of genes in dextran sodium sulfate (DSS)-
treated mice [6] and 12.5% in TNBS-treated rats 
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Fig. 21.2 APX3330 
selectively inhibits 
APE1’s redox signalling 
and DNA damage, 
reduces oxidative stress, 
alleviates enteric 
neuropathy, and reduces 
gastrointestinal 
dysfunction. (Created 
with Biorender.com)

[2] show concordance with IBD. Other models, 
including piroxicam- accelerated colitis in inter-
leukin (IL)-10 knockout mice and adoptive trans-
fer of CD4+CD25- leukocytes in immunodeficient 
mice, demonstrated a concordance of 77% and 
64%, respectively, compared to 92 IBD-associated 
genes [9]. We have established the Winnie colony 
and published several papers on the characterisa-
tion of the enteric nervous system, gut functions 
and microbiota in this model [21–24]. Thus, the 
Winnie model of spontaneous chronic colitis 
closely represents human IBD and is not subjec-
tive to the variability of experimental techniques 
used to induce colitis.

Experiments were performed in 12 w.o (male 
and female) Winnie mice with active inflamma-
tion. APX3330 (25  mg kg−1 dissolved in 2% 
Cremophor, 2% EtOH and 96% sterile water) 
was administered twice a day with 8 h interval for 
14  days via intraperitoneal injections. Sham- 
treated mice received the same volume and regi-
men of the vehicle solution. Age-matched 
C57BL/6 mice or non-Winnie littermates were 
used as naïve controls; no difference was found 
between them. The results demonstrate that 
APX3330 treatment had a significant positive 
effect on clinical symptoms in Winnie mice: it 
reduced rectal bleeding and rectal prolapse, alle-
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viated diarrhoea and improved body weight in 
treated mice. APX3330 reduced inflammatory 
markers, a pan leukocyte marker, CD45, and fae-
cal lipocalin-2 (Lcn-2), also known as neutrophil 
gelatinase-associated lipocalin (NGAL), which is 
a highly sensitive non-invasive biomarker of 
intestinal inflammation. APX3330 restored GI 
transit measured by in  vivo X-ray imaging 
method and parameters of colonic motility mea-
sured ex vivo in organ bath studies of the excised 
colons from Winnie mice to control levels.

Winnie mice have significant damage to the 
enteric nervous system (ENS): reduction in num-
bers of nerve fibres projecting to the mucosa, loss 
of myenteric neurons and loss of enteric glial 
cells. APX3330 treatment increased density of 
nerve fibres, improved number of myenteric neu-
rons and increased number of GFAP-positive 
glial cells in the myenteric plexus [25]. 
Overexpression of APE1/Ref-1 observed in the 
colonic cross section and the myenteric ganglia 
from Winnie mice, confirmed by immunohisto-
chemical and western blot studies, was reduced 
by APX3330 treatment to the level comparable to 
control mice. Myenteric neurons from Winnie 
mice have a high level of oxidative stress mea-
sured by MitoSOX assay, which labels mitochon-
drial superoxide production. APX3330 reduced 
levels of MitoSOX fluorescence to control levels. 
DNA damage was measured by immunoreactiv-
ity to 8-Oxo-2′-deoxyguanosine (8-Oxo-dG), 
one of the major products of DNA oxidation 
widely used reliable marker of oxidative stress- 
induced DNA damage, and was observed only in 
the myenteric ganglia from Winnie mice, but not 
control mice and in APX3330-treated mice [25]. 
Another marker of the DNA damage used in this 
study is a high mobility group box protein 1 
(HMGB1), a nuclear protein that acts as a 
chromatin- binding factor involved in the mainte-
nance of nucleosome structure and regulation of 
gene transcription. HMGB1 is released by glial 
cells and neurons upon inflammasome activation 
[20]. HMGB1 is present in the nuclei of all 
enteric neurons; when neurons undergo cellular 
stress or injury, HMGB1 translocates from the 
nucleus into the cytoplasm and further into the 

extracellular space. This translocation was very 
prominent in the myenteric neurons of sham- 
treated Winnie mice. APX3330 inhibited this 
cytoplasmic translocation of HMGB1 in the 
myenteric neurons of Winnie mice.

Since HMGB1 is a downstream product of 
APE1/Ref-1 activation, we performed further 
studies testing the efficacy of HMGB1 inhibitor, 
a small-molecule compound glycyrrhizin, in two 
animal models: (1) chemotherapy treatment 
without colorectal cancer induction and (2) che-
motherapy treatment in mice with an orthotopic 
model of colorectal cancer induced by implant-
ing murine CT26 colorectal cancer cells into the 
caecum. Glycyrrhizin directly binds to a nuclear 
protein that maintains nucleosome structure and 
regulates gene transcription and has strong anti- 
inflammatory and neuroprotective properties. 
Inhibition of HMGB1 by glycyrrhizin modulates 
TLRs efficiently reducing the neuroinflammatory 
response resulting in neuroprotection from isch-
emic and traumatic brain damage [20]. It has 
been shown that HMGB1 inhibition reduces 
cisplatin- induced increases in iNOS levels and 
prevents ototoxicity [12], potentiates anticancer 
effects of platinum-based chemotherapeutics and 
has anticancer efficacy [31]. These properties 
make APX3330 and glycyrrhizin ideal candi-
dates for the prevention and treatment of 
chemotherapy- induced enteric neuropathy.

Our previous studies demonstrate that treat-
ment with first-line anti-colorectal cancer drugs, 
oxaliplatin, irinotecan and 5-fluorouracil induces 
death of enteric neurons, axonal damage, changes 
in their electrophysiological properties and sig-
nificant morphological and functional alterations 
in neuronal nitric oxide synthase (nNOS)-immu-
noreactive neurons [3, 16, 18, 33]. Our studies 
provide evidence that oxidative stress is a key 
player in enteric neuropathy and colonic dys-
motility associated with chemotherapy [14]. 
HMGB1 was observed within the nuclei of 
myenteric neurons from the control group. Our 
studies revealed that overexpression of HMGB1 
and its translocation from the nuclei to cytoplasm 
were prominent in myenteric neurons from 
oxaliplatin- treated animals with and without 
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Fig. 21.3 Cytoplasmic translocation of HMGB1 (green) 
in myenteric neurons from mice oxaliplatin (OXL)-treated 
mice with and without CRC was prevented by co- 

treatment with glycyrrhizin (GL) (n  =  6/group). 
^P < 0.0001 compared to the control group, *P < 0.001 
compared to OXL+Vehicle and CRC+OXL

colorectal cancer, but not in the neurons from 
untreated animals with colorectal cancer. 
HMGB1 translocated and released into the extra-
cellular space acts as an antigen-presenting cyto-
kine stimulating immune cells to release 
cytokines and chemokines, which activate toll- 
like receptors (TLRs), leading to changes in the 
microbiota [28]. These changes further exacer-
bate neuroinflammation and stimulate cellular 
damage and death of enteric neurons.

Both glycyrrhizin and APX3330 (25  mg/kg) 
combined with oxaliplatin were given to mice 
without cancer and in mice with CRC starting at 
day 7 post-surgery twice a day with 8 h interval 
for 14 days via i.p. injections starting on the same 
day as oxaliplatin treatment. The volumes for all 
injections were calculated to each animal’s body 
weight with less than 200 μL per injection.

Co-treatment of glycyrrhizin (10 mg/kg) with 
oxaliplatin (3  mg/kg/dose; 3 times a week, 
2  weeks) significantly reduced oxaliplatin- 
induced HMGB1 translocation in myenteric neu-
rons (Fig.  21.3). The number of neurons in the 
myenteric plexus was not affected by induction 
of CRC and treatment with two vehicles. 
Treatment with oxaliplatin+vehicle in both mice 
with and without CRC induced loss of about 28% 
of myenteric neurons. The number of myenteric 
neurons in the CRC mice treated with 
oxaliplatin+glycyrrhizin was similar to the con-

trol group and significantly different to both 
oxaliplatin+vehicle-treated groups.

Co-treatment of glycyrrhizin and APX3330 
with oxaliplatin inhibited tumour growth and 
vascularisation and prevented the loss of neurons 
induced by oxaliplatin treatment. These results 
provide a basis for further studies on the neuro-
protective and anticancer efficacy of compounds 
targeting APE1/Ref-1 and HMGB1 proteins.

In summary, both treatments, APX3330 and 
glycyrrhizin, effectively alleviate enteric neurop-
athy and improve symptoms associated with 
intestinal inflammation and chemotherapy. 
APX3330 completed Phase I clinical trials for 
safety and toxicity in adult cancer patients who 
have failed all other treatments (NCT03375086) 
[27]. Clinical trials with glycyrrhizin have been 
approved by the World Health Organisation for 
the treatment of COVID-19 patients 
(ChiCTR2000029768 and ChiCTR2000030490) 
[13, 19]. Importantly, both of these drugs are not 
toxic and can be administered orally. Therefore, a 
fast translation of both compounds into clinical 
practice for the treatment of inflammatory bowel 
disease and the side effects of chemotherapy is 
plausible.
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22Ca2+ Signaling Is the Basis 
for Pacemaker Activity 
and Neurotransduction 
in Interstitial Cells of the GI Tract

Kenton M. Sanders, Salah A. Baker, 
Bernard T. Drumm, and Masaaki Kurahashi

Abstract

Years ago gastrointestinal motility was 
thought to be due to interactions between 
enteric nerves and smooth muscle cells 
(SMCs) in the tunica muscularis. Thus, regu-
latory mechanisms controlling motility were 
either myogenic or neurogenic. Now we know 
that populations of interstitial cells, c-Kit+ 
(interstitial cells of Cajal or ICC), and 
PDGFRα+ cells (formerly “fibroblast-like” 
cells) are electrically coupled to SMCs, form-
ing the SIP syncytium. Pacemaker and neu-
rotransduction functions are provided by 
interstitial cells through Ca2+ release from the 
endoplasmic reticulum (ER) and activation of 
Ca2+-activated ion channels in the plasma 
membrane (PM). ICC express Ca2+-activated 

Cl− channels encoded by Ano1. When acti-
vated, Ano1 channels produce inward current 
and, therefore, depolarizing or excitatory 
effects in the SIP syncytium. PDGFRα+ cells 
express Ca2+-activated K+ channels encoded 
by Kcnn3. These channels generate outward 
current when activated and hyperpolarizing or 
membrane-stabilizing effects in the SIP syn-
cytium. Inputs from enteric and sympathetic 
neurons regulate Ca2+ transients in ICC and 
PDGFRα+ cells, and currents activated in 
these cells conduct to SMCs and regulate con-
tractile behaviors. ICC also serve as pacemak-
ers, generating slow waves that are the 
electrophysiological basis for gastric peristal-
sis and intestinal segmentation. Pacemaker 
types of ICC express voltage-dependent Ca2+ 
conductances that organize Ca2+ transients, 
and therefore Ano1 channel openings, into 
clusters that define the amplitude and duration 
of slow waves. Ca2+ handling mechanisms are 
at the heart of interstitial cell function, yet lit-
tle is known about what happens to Ca2+ 
dynamics in these cells in GI motility 
disorders.
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22.1  Introduction

Interstitial cells of Cajal (ICC or c-Kit+) and 
platelet-derived growth factor receptor alpha 
(PDGFRα+) cells provide important regulatory 
behaviors in the generation of motility patterns in 
the gastrointestinal (GI) tract. ICC and PDGFRα+ 
cells are electrically coupled to smooth muscle 
cells (SMCs) [32, 44, 66], so changes in mem-
brane conductances in these cells influence the 
excitability and contractility of SMCs. Together 
these cells make up an electrical syncytium 
known as the SIP syncytium [64]. The functions 
of interstitial cells were suggested by their ana-
tomical characteristics and associations, such as 
formations of networks, abundant close proxim-
ity to varicose processes of motor neurons, and 
gap junction connectivity with SMCs. Thus, it 
was proposed that ICC might be pacemaker cells 
and innervated by motor neurons [24, 69, 79]. 
The role of PDGFRα+ cells, referred to as 
“fibroblast- like” by anatomists, was assumed to 
be only structural in nature. Recent work has 
begun to dissect the mechanisms of action of 
interstitial cells and reveal the many important 
functions of these cells in GI motility.

Major breakthroughs for understanding the 
functions of interstitial cells came when (i) 
mutants in which ICC failed to develop were 
used to investigate the role of ICC [36, 73, 74]: 
(ii) specific immunolabels for ICC and PDGFRα+ 
cells were discovered [42, 51, 52, 56, 70]; (iii) 
reporter strains were developed [31, 63, 83], 
allowing observation of specific types of intersti-
tial cells in intact muscles and unequivocal iden-
tification of cells after enzymatic dispersion of 
muscle tissues [47, 51, 52, 70, 83]; (iv) Cre-loxP 
technology was used to allow highly specific 
deletion or expression of genes in ICC and 
allowed cell specific expression of genetically 
encoded Ca2+ sensors to monitor Ca2+ dynamics 
[3, 7, 39, 48, 68]. Evaluations of genes expressed 
in cellular components of the SIP syncytium 
showed highly specific expression of genes 
important for the functions of these cells such as 
Ano1 (originally called Tmem16a) in ICC [12] 
and Kcnn3 in PDGFRα+ cells [52]. 
Electrophysiological experiments on isolated 

cells using the patch clamp technique confirmed 
the importance of the highly expressed mem-
brane conductances in pacemaker activity and 
responses to neurotransmitters [52, 83]. 
Activation of Ano1 channels results in an inward 
current, and activation of SK3 channels activates 
outward current. Thus, ICC and PDGFRα+ cells 
provide opposing regulatory inputs in the SIP 
syncytium.

The two major ionic currents of ICC and 
PDGFRα+ cells are activated by intracellular 
Ca2+, suggesting that Ca2+ dynamics regulate the 
electrophysiological behaviors of these cells. 
This chapter summarizes some of the current 
understanding about Ca2+ handling mechanisms 
in ICC and PDGFRα+ cells. Realization of the 
importance of Ca2+ dynamics has coincided with 
the ability to create transgenic mice with expres-
sion of genetically encoded Ca2+ sensors in ICC. 
Ca2+ dynamics in ICC can be monitored in these 
mice in situ, making it possible to follow the acti-
vation of cells, whether spontaneous or in 
response to neurotransmitters and other bioago-
nists. Cell-specific expression of genetically 
encoded sensors has not been accomplished for 
PDGFRα+ cells due to the lack of highly selective 
Cre recombinase strains for these cells. However, 
PDGFRα+ cells can be distinguished in intact 
muscles due to nuclear expression of eGFP in a 
reporter strain [52] and the ability to monitor 
Ca2+ transients in cell cytoplasms after loading 
with membrane-permeable Ca2+ sensors [5, 6].

22.2  Basal Ca2+ Transients 
in Interstitial Cells

There are two major classes of ICC, intramuscu-
lar cells and networks of interconnected cells. 
Intramuscular ICC (ICC-IM and ICC in the 
region of the deep muscular plexus of the small 
intestine, ICC-DMP) lie in close association with 
enteric motor nerve processes in most smooth 
muscle regions of the GI tract. In mice expressing 
GCaMPs exclusively in ICC, we have found that 
all intramuscular ICC studied generate spontane-
ous Ca2+ transients that originate from multiple 
sites within individual cells [3, 7, 16, 17]. These 
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Ca2+ transients occur in a stochastic and localized 
manner and show no coupling between firing 
sites only a few microns from each other in the 
same cell or in cells nearby. The concept of cou-
pled oscillators, used to describe the behaviors of 
ICC in the past [35, 72], is not apparent at this 
level of organization.

Ca2+ transients in ICC result from brief release 
events from intracellular Ca2+ stores. Drugs that 
block the uptake of Ca2+ into stores via SERCA 
pumps (CPA or thapsigargin) inhibit the genera-
tion of spontaneous Ca2+ transients within a few 
minutes [3, 16, 17]. Drugs that inhibit Ca2+ 
release through IP3 receptor (IP3R) channels or 
ryanodine (RyR) receptor channels also inhibit 
Ca2+ transients; however, the dependence upon 
IP3Rs and RyRs varies between different types of 
ICC [3, 16, 17]. Ca2+ release appears to occur in 
microdomains (now known as endoplasmic retic-
ulum–plasma membrane junctions; ER/PM junc-
tions) formed by close associations between the 
ER and the PM [65]. In the excluded volumes of 
ER/PM junctions, Ca2+ released from the ER 
reaches high concentrations and activates Ca2+-
dependent conductances, such as Ano1, in the 
plasma membrane. Indeed, ICC-DMP generate 
spontaneous transient inward currents (STICs) 
due to transient activation of Ano1 channels by 
Ca2+ release [85]. In this manner, the stochastic 
release of Ca2+ from many sites within individual 
cells and from thousands of ICC within tissues 
can generate a net inward current that is con-
ducted to SMCs via gap junctions. Thus, ICC 
exert a net excitatory influence in the SIP syncy-
tium (Fig. 22.1a).

When Ca2+ is released from stores into an ER/
PM junction, some of the Ca2+ can be recovered 
via the SERCA pump, but some is lost through 
general diffusion to the bulk cytoplasm or to the 
extracellular space via plasma membrane Ca2+ 
ATPase (PMCA) or Na+/Ca2+ exchange, both of 
which are expressed by ICC [3, 16, 81]. Therefore, 
mechanisms to recover Ca2+ must exist to main-
tain the large ER-to-cytoplasm gradient and sus-
tain the ability of the ER to release Ca2+. A major 
contributor to Ca2+ recovery in ICC occurs by the 
process of store-operated Ca2+ entry (SOCE) 
[60–62, 67, 71]. The apparatus for SOCE con-

sists of a protein, stromal interaction protein 
(STIM) that spans the ER membrane. The por-
tion of this protein within the ER lumen contains 
a Ca2+ sensor. When ER Ca2+ is depleted by 
release events, STIM molecules oligomerize, and 
the cytoplasmic portion of STIM binds to and 
activates ORAI, a highly selective Ca2+ channel 
in the PM. Thus, STIM and ORAI form a com-
plex that senses a reduction in ER Ca2+ and acti-
vates Ca2+ entry to facilitate store refilling. Drugs 
that block ORAI can reduce or stop spontaneous 
Ca2+ transients in ICC [80].

While much less is known about Ca2+ dynam-
ics in PDGFRα+ cells, these cells also have the 
ability to generate spontaneous Ca2+ transients [5, 
6]. These events, however, couple to SK3 chan-
nels, that are also Ca2+ activated but cause the 
development of outward currents [52]. As a result 
of Ca2+ transients and activation of SK3 channels, 
isolated PDGFRα+ cells can generate spontane-
ous transient outward currents (STOCs). 
Generation of STOCs by many PDGFRα+ cells 
within GI muscles exerts a net hyperpolarizing or 
membrane-stabilizing effect, thereby reducing 
the excitability and contractility of muscles 
(Fig. 22.1b).

22.3  Neurotransduction by 
Interstitial Cells

Both types of interstitial cells in GI muscles con-
tribute to neural regulation of motility. Although 
this topic has been somewhat controversial, some 
investigators have clung to the notion that SMCs 
are the cells innervated and responsible for post- 
junctional responses. Monitoring of Ca2+ signal-
ing in ICC and PDGFRα+ cells clearly shows that 
these cells are innervated and display appropriate 
responses and temporal characteristics, which 
suggests that they mediate significant compo-
nents of post-junctional responses. Blocking the 
ionic conductances specific to these cells, Ano1 
or SK3, can reduce or block post-junctional elec-
trical and mechanical responses to motor nerve 
stimulation [2, 4, 6, 19].

ICC form very close associations with the 
varicosities of motor neurons. This is not to say 
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Fig. 22.1 Schematics showing fundamental Ca2+ dynam-
ics in ICC (a) and PDGFRα+ cells (b). These cells display 
localized Ca2+ transients due to release of Ca2+ from the 
endoplasmic reticulum (ER). The ER forms close associa-
tions with the plasma membrane (PM). These junctions 
are referred to as ER/PM junctions. High concentrations 
of [Ca2+]i are achieved during Ca2+ transients in the 
excluded volumes of the ER/PM junctions. (a) The rise in 
[Ca2+]i activates Ca2+-activated Cl− channels in the PM 
(encoded by Ano1) of ICC, producing spontaneous tran-
sient inward currents (STICs) and depolarization. STICs 
activated by Ca2+ transients in ICC conduct to adjoining 
SMCs electrically coupled via gap junctions (not shown). 

Generation of Ca2+ transients is highly localized within 
cells and independent of Ca2+ transients even at nearby 
ER/PM junctions or events occurring in nearby cells (i.e., 
purpose of showing two discrete ER/PM junctions in the 
schematic). Coupling between active Ca2+ release sites 
has not been observed, even after addition of excitatory 
neurotransmitters. (b) The rise in [Ca2+]i activates SK3 in 
the PM (encoded by Kcnn3) of PDGFRα+ cells, producing 
spontaneous transient outward currents (STOCs) and 
hyperpolarization or stabilization of membrane potential. 
STOCs activated by Ca2+ transients in PDGFRα+ cells 
conduct to adjoining SMCs that are electrically coupled 
via gap junctions (not shown)
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that such junctions are never found between vari-
cosities and SMCs [57], but a morphometric 
study of esophageal muscles revealed a high pro-
pensity of these synaptic-like junctions between 
motor neurons and ICC [15]. These junctions 
may facilitate the availability of high concentra-
tions of neurotransmitters near receptors of ICC. 
Expression of the appropriate receptors by ICC is 
another indication that these cells are involved in 
transduction of neural inputs. In the case of excit-
atory neurotransmission, ICC express type 3 
muscarinic (M3) receptors and neurokinin type 1 
(NK1) receptors [4, 12, 19, 43]. These receptors 
dominate responses to neurotransmitters released 
from enteric excitatory motor neurons (Fig. 22.2). 
The metabolic enzyme for ACh (acetylcholine 
esterase (AChE)) is expressed by enteric motor 
neurons [78], so it is likely that ACh is broken 
down rapidly in junctional spaces and sufficiently 
high concentrations of the transmitter may not 
reach muscarinic receptors expressed by SMCs. 
Our experiments have shown this to be the case in 
the murine gastric fundus, but after inhibition of 
AChE or when gastric ICC-IM fail to develop in 
the fundus, as in W/WV mutants, thus removing 
the synaptic-like junctions, new post-junctional 
mechanisms are recruited, suggesting that in 
these conditions ACh reaches SMC receptors 
[10]. Enteric inhibitory responses due to release 
of nitric oxide (NO) are compromised in parts of 
the GI tract where ICC-IM are depleted in W/WV 
mutants. ICC express soluble guanylate cyclase 
(sGC), the receptor for NO, suggesting these 
cells mediate at least a portion of post-junctional 
nitrergic responses [40, 41]. However, diffusion 
of NO may not be so heavily confined, and it may 
spread to other components of the SIP syncy-
tium. Cell-specific knockdown of sGC suggests 
that nitrergic, post-junctional responses are medi-
ated by ICC and SMCs [9, 28, 29, 54, 55]. 
Pathways for nitrergic inhibitory regulation are 
shown in Fig. 22.2.

Effector pathways in ICC, including Ca2+ han-
dling mechanisms and dominant ion channels, 
transduce neural inputs. Stimulation of intrinsic 
motor neurons with electrical field stimulation 
(EFS) under conditions favoring excitatory neu-
rotransmission (i.e., by blocking inhibitory path-

ways) causes significant enhancement in the 
frequency and amplitude of Ca2+ transients in 
ICC-IM in the colon and ICC-DMP in the small 
intestine. Stimulation of ICC-DMP appears to be 
dominated through tachykinin release and bind-
ing of NK1 receptors [4], while these receptors 
are hardly functional and responses are domi-
nated by M3 receptors in the colon [19]. M3 and 
NK1 receptors couple through G proteins (Gq/11) 
and activation of phospholipase Cβ, causing gen-
eration of IP3 [1, 76]. Enhanced production of IP3 
causes dramatic increases in Ca2+ release from 
ER via IP3Rs. These events, like spontaneous 
Ca2+ transients, activate Ano1 channels in the PM 
and elicit a depolarizing trend in the SIP syncy-
tium, enhancing SMC excitability and contrac-
tion (Fig.  22.2). Although Ca2+ transient 
frequency increases in ICC, entrainment of Ca2+ 
release or coupled oscillations between discrete 
Ca2+ release sites have not been observed. Thus, 
no evidence for coupled oscillators is substanti-
ated at this level of organization.

Opposite effects on Ca2+ transients are 
observed in ICC-IM and ICC-DMP in response 
to enteric inhibitory neural stimulation (i.e., 
when excitatory pathways are blocked). The 
inhibitory effects are mediated by NO and trans-
duced through activation of sGC and generation 
of cGMP.  Downstream from production of 
cGMP, the mechanisms for the inhibitory effects 
of NO on Ca2+ release in ICC are less well under-
stood, but may occur through cGMP-dependent 
protein kinase I and phosphorylation of IP3R- 
associated cGMP kinase substrate (IRAG) [26, 
75]. Initiation of enteric inhibitory responses 
blocks Ca2+ transients for the duration of stimula-
tion (Fig. 22.2). Inhibition of Ca2+ release causes 
deactivation of Ano1 channels and cessation of 
the basal inward current in the SIP syncytium. In 
colonic muscles, this resulted in a 9 mV hyperpo-
larization of muscles [17]. Hyperpolarization 
reduces the likelihood that the threshold for Ca2+ 
action potentials is reached in SMCs, so this is a 
mechanism through which nitrergic neurotrans-
mission reduces SMC excitability and inhibits 
contractions.

A long-acknowledged phenomenon in GI 
muscles is tonic inhibition [77]. In some muscles, 
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Fig. 22.2 Elements and mechanisms of the SIP syncy-
tium and how enteric and sympathetic motor neurons 
regulate the output of the SIP syncytium. The SIP syncy-
tium is composed of SMCs, ICC (intramuscular and pace-
maker types of ICC), and PDGFRα+ cells. Ca2+ release 
regulates the open probabilities of Ca2+-activated conduc-
tances in ICC and PDGFRα+ cells (see Fig.  22.1). Ca2+ 
release in ICC is regulated by excitatory and inhibitory 
neurotransmission by release of ACh and neurokinins 
from enteric excitatory enteric motor neurons (EEN) and 
NO from enteric inhibitory motor neurons (EIN). 
Pathways activated either increase (excitatory neurotrans-
mission) or inhibit (nitrergic neurotransmission) the 
release of Ca2+ and therefore the activation of Ano1 chan-
nels in the PM. Ca2+ release in PDGFRα+ cells is regulated 
by release of purines from enteric inhibitory motor neu-
rons and norepinephrine (NE) from sympathetic neurons. 
These neurotransmitters increase release of Ca2+ from the 
ER and activate SK3 channels, producing an outward cur-
rent. Currents generated by ICC and PDGFRα+ cells con-

duct to SMCs and regulate the excitability of the SMC 
component of the SIP syncytium. SMCs also receive input 
from pacemaker ICC, such as ICC-MY. The pacemaker 
cells generate slow waves that cause periodic depolariza-
tions of SMCs, activation of L-type Ca2+ channels (VDCC 
in SMCs), and phasic contractions of these cells. Active 
propagation of slow waves in the network of ICC-MY 
coordinates contractions of the muscles, producing behav-
iors such as gastric peristalsis and intestinal segmentation. 
Active propagation of slow waves depends upon T-type 
Ca2+ channels in ICC-MY (shown as VDCC in ICC). 
SMCs also receive direct stimulation by neurotransmis-
sion from, at a minimum, NO and NE. These neurotrans-
mitters regulate smooth muscle contractions through 
electrophysiological responses (not shown) and by alter-
ing the Ca2+ sensitivity of contractile elements (CE). 
Based on the expression of receptors in SIP cells, stimula-
tion of PDGFRα+ cells by inhibitory neuropeptides (e.g., 
VIP) is likely to occur

excitability and contractions are suppressed by 
ongoing release of inhibitory neurotransmitter, 
and SMC excitability and contractions of the 
muscles are greatly enhanced by TTX or by inhi-
bition of nNOS. We found that tonic inhibition is 
linked to ongoing partial suppression of Ca2+ 

transients in ICC. TTX and antagonists of nNOS 
or sGC greatly increased the occurrence and 
amplitude of Ca2+ transients in ICC concomi-
tantly with the increase in contractions [18]. The 
increased contractions resulting from suppres-
sion of tonic inhibition were reversed by an 
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antagonist of Ano1 channels, supporting the idea 
that tonic inhibition in the proximal colon is 
mediated by nitrergic effects on ICC.

Enteric inhibitory neurons exhibit co- 
transmission whereby single neurons release 
multiple neurotransmitters. The synthetic enzyme 
for NO (nNOS) and the peptide VIP co-localize 
in enteric motor neurons [14, 45]. It is likely that 
these neurons also release purine neurotransmit-
ters; however, this has never been shown defini-
tively. A somewhat controversial story exists 
around the identity of the purine neurotransmitter 
in the GI tract. Classically, the transmitter was 
believed to be ATP [11], but more recent studies 
demonstrate that β-NAD+ fulfills the criteria for a 
neurotransmitter much better than ATP in mouse, 
monkey, and human GI muscles [38, 58]. 
Actually, enteric inhibitory neurons may release 
a cocktail of purines that include β-NAD+, ADPR, 
and Up4A [21, 22]. This story is detailed and not 
among the main topics of this review.

Another gene highly expressed by mouse and 
human PDGFRα+ cells is P2ry1 [5, 51, 52]. 
Activation of P2Y1 receptors by several purines, 
including ATP, ADP, β-NAD+, and the highly 
selective agonist MRS2365, greatly increases the 
frequency and amplitude of Ca2+ transients in 
PDGFRα+ cells in gastric fundus and colon [5, 6]. 
P2Y1 receptors are coupled through G proteins 
(Gq/11) [23], so like M3 and NK1 receptors in 
ICC, P2Y1 agonists increase the activity of PLCβ, 
production of IP3, and release of Ca2+ through 
IP3Rs (Fig.  22.2). Interesting to note is that 
MRS2500, a selective antagonist of P2Y1 recep-
tors, blocked all of these responses except the 
responses of some PDGFRα+ cells to ATP. Genetic 
deactivation of P2ry1 ablates purinergic enteric 
inhibitory responses in mice [25, 37] and the 
increase in Ca2+ transients in PDGFRα+ cells 
caused by ADP, β-NAD+, and MRS2365. 
Responses to ATP, however, persist in some 
PDGFRα+ cells in GI muscles of P2ry1−/−  animals 
[5, 6]. Similar to the Ca2+ transients enhanced by 
P2Y1 agonists, these compounds elicited STOCs 
in PDGFRα+ cells [52]. Confidence that puriner-
gic inhibitory responses are mediated by 

PDGFRα+ cells increased dramatically when it 
was shown that large amplitude hyperpolariza-
tion responses are elicited in PDGFRα+ cells that 
are equivalent to purinergic inhibitory junction 
potentials (IJPs) elicited in whole muscles [50]. 
These responses, like IJPs, are blocked by apa-
min or MRS2365. Of importance, P2Y1 agonists 
failed to cause hyperpolarization of SMCs iso-
lated from the same muscles.

Evaluation of the transcriptomes of SIP cells 
has revealed other receptors in these cells that 
might mediate regulatory effects (Fig. 22.2). An 
example is the expression of α adrenergic recep-
tors (Adra1a and Adra1b) in PDGFRα+ cells 
[30]. Expression of these receptors was verified 
by real-time PCR [48]. Processes of sympathetic 
neurons, as labeled with antibodies to tyrosine 
hydroxylase, are distributed in the plane of the 
myenteric plexus and within circular muscles in 
proximity to PDGFRα+ cells. As with P2Y1 ago-
nists, NE elicited STOCs in voltage-clamped 
PDGFRα+ cells that were blocked by both 
RS100329, a specific adrenergic α1a receptor 
antagonist, and apamin. In current-clamped 
PDGFRα+ cells, significant hyperpolarization 
responses were caused by NE. NE also initiated 
or increased Ca2+ transients in PDGFRα+ cells in 
situ, and these responses were also blocked by 
RS100329. Contractions of colonic muscles were 
inhibited by phenylephrine, and these responses 
were blocked by RS100329 and apamin. 
Inhibitory effects of phenylephrine did not occur 
in Adra1a−/− mice. A preparation with the infe-
rior mesenteric ganglion attached to the colon via 
the lumbar colonic nerve was used to isolate elec-
trical stimulation of sympathetic neurons. 
Sympathetic nerve stimulation (SNS) caused 
hyperpolarization of colonic muscles that were 
partially blocked by prazosin and apamin [48]. 
SNS also inhibited colonic migrating motor com-
plexes (CMMCs) through the mid and distal 
colon. This dramatic sympathetic effect on 
CMMCs did not occur in colons of Adra1a−/− 
mice. Similar sympathetic neurotransduction in 
PDGFRα+ cells and regulation of contractions 
also occur in human colons [49].
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22.4  Pacemaker Activity 
in Interstitial Cells

ICC generate pacemaker activity in the GI tract 
that is responsible for electrical slow waves [53, 
83]. Networks of pacemaker cells occur along the 
boundaries of the muscle layers, between the cir-
cular and longitudinal muscle layers in the stom-
ach, small bowel, and colon (ICC-MY) and at the 
submucosal surface of the circular muscle in the 
colon (ICC-SM). Recent studies have also shown 
that a type of pacemaker activity is also gener-
ated by the ICC along the serosal surface of the 
proximal colon (ICC-SS), and a type of ICC 
within muscle bundles (ICC-IM type II) appears 
to generate the high-frequency pacemaker activ-
ity responsible for tone in the internal anal 
sphincter [33]. A major difference between pace-
maker types of ICC (i.e., ICC-MY and ICC-SM) 
and intramuscular types of ICC (i.e., ICC-IM and 
ICC-DMP) is the expression of voltage- 
dependent Ca2+ conductances in pacemaker cells 
[7, 12, 16, 27, 33, 82].

ICC-MY and ICC-SM generate spontaneous 
Ca2+ transients that activate Ano1 channels in the 
PMs of these cells (Fig. 22.2). In the small intes-
tine, ICC-MY express T-type Ca2+ channels 
(CaV3.2) [12, 16, 27, 82]. These channels are 
activated by the small depolarizations caused by 
the activation of Ano1 channels (STICs). 
Increasing the open probability of T-type Ca2+ 
channels can result in development of a Ca2+ 
action potential that constitutes the upstroke 
phase of slow waves. The dV/dt of the slow wave 
upstroke, when recorded directly from ICC-MY, 
is 2 V/s in the mouse intestine and 11 V/s in the 
rabbit intestine [46]. As in other excitable cells 
connected by gap junctions, the upstroke phase 
of slow waves depolarizes neighboring ICC-MY, 
activates the T-type conductance in these cells, 
and regenerates the upstroke potential, facilitat-
ing active propagation of slow waves in the 
ICC-MY network. Propagation is seen optically 
as a coherent intracellular Ca2+ wave front that 
proceeds at about 2 mm/sec in ICC-MY networks 
in mouse small intestine [16, 59]. SMCs do not 
express the same ion channels as ICC-MY, and in 
spite of electrical coupling between SMCs and 

ICC-MY, SMCs cannot regenerate slow waves 
and sustain active propagation. Therefore, slow 
waves conduct passively and decay with distance 
in the SMC compartment of the SIP syncytium.

Active propagation of slow waves is an impor-
tant factor in the generation of normal motility 
behaviors. For example, in the stomach of larger 
mammals, slow waves propagate without decre-
ment for many centimeter from the dominant 
pacemaker in the orad corpus to the pylorus [8]. 
Slow wave propagation was studied in canine 
gastric muscles using a dual chamber apparatus 
where slow waves could be initiated by pacing in 
one chamber, and recordings could be made in 
the second, electrically isolated chamber at vari-
ous distances from the site of initiation or after 
addition of antagonists of specific conductances 
[8]. Nicardipine had no effect on the dV/dt of the 
upstroke depolarization nor on the rate of propa-
gation. Antagonists of T-type channels, however, 
dramatically reduced both the upstroke velocity 
and the propagation rate. At higher concentra-
tions, these antagonists blocked active slow wave 
propagation, as did reducing extracellular Ca2+ to 
0.5  mM.  These experiments also showed that 
reducing the availability of T-type Ca2+ channels 
by depolarization, which causes voltage- 
dependent inactivation, also greatly reduced 
upstroke and propagation velocity. These experi-
ments clearly showed that propagation of slow 
waves is dependent upon voltage-dependent acti-
vation of a Ca2+ conductance with characteristics 
of T-type channels.

The Ca2+ waves that sweep across a network 
of ICC-MY are also dependent upon T-type Ca2+ 
channels in the murine small intestine (Fig. 22.2) 
[16]. Clusters of Ca2+ transients occur regularly 
in jejunal ICC-MY networks at a frequency of 
about 30 cycles per min in the mouse. The coher-
ent spread of waves and the clustering of Ca2+ 
transients are blocked by NNC 55-0396 and 
TTA-A2, two specific T-type Ca2+ channel antag-
onists. However, these compounds do not block 
all Ca2+ transients, and in fact the occurrence of 
Ca2+ transients in the presence of T-type Ca2+ 
channel antagonists reverts to a stochastic pat-
tern, as seen in ICC-IM. These experiments sug-
gest that stochastic Ca2+ release is a basic behavior 
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of ICC, and addition of a voltage-dependent Ca2+ 
conductance organizes Ca2+ transients into peri-
odic clusters of events. While T-type channels are 
of primary importance in the stomach and small 
intestine, L-type channels are also important in 
some ICC, such as those along the submucosal 
surface of the circular muscle (ICC-SM) in the 
murine colon [7]. Muscles of the murine proxi-
mal colon are relatively more depolarized than 
cells in the small bowel and stomach. It would be 
impractical for T-type channels to be the domi-
nant conductance providing active propagation in 
these muscles because T-type channels are inacti-
vated at the depolarized potentials of colonic 
muscles. Instead, ICC-SM in murine colon uti-
lize L-type Ca2+ as the dominant conductance. 
However, when ICC-SM are hyperpolarized, 
T-type channels become available and contribute 
to slow wave propagation. Presence of both T- 
and L-type channels provides a safety factor such 
that slow waves can persist over a broad range of 
membrane potentials.

Ca2+ entry due to the activation of the voltage- 
dependent Ca2+ conductance elicits not only 
depolarization but also Ca2+-induced Ca2+ release 
(CICR) from the ER. Multiple firing sites gener-
ate these events both in the soma of ICC and in 
their processes. As above, Ca2+ entry organizes 
the otherwise stochastic Ca2+ transients into clus-
ters of events. Ca2+ transients and corresponding 
activation of Ano1 channels through the network 
of ICC cause sustained net activation of the Cl− 
conductance and clamp membrane potentials of 
ICC close to the equilibrium potential for the Cl− 
gradient (about −10  mV; [84]). Ca2+ release 
events persist for more than a second or until Ca2+ 
stores are depleted to an extent where they cannot 
continue to release Ca2+. The durations of the 
Ca2+ transient clusters define the durations of the 
plateau phase of slow waves. Here again, the con-
cept of coupled oscillators is fallacious. Ca2+ 
release events are independent of each other and 
are organized into clusters by propagation of Ca2+ 
action potentials (i.e., the upstroke of the slow 
wave event), Ca2+ entry, and CICR.

A question to be considered is why the plateau 
phase is sustained for more than a second. Ca2+ 
entry through T-type Ca2+ channels is brief 

because the ensuing depolarization rapidly inac-
tivates these channels. Therefore, it is unlikely 
that entry of Ca2+ through T-type channels is 
capable of sustaining CICR. The increased open 
probability of Ano1 channels is maintained by 
elevated intracellular Ca2+. Thus, a source of Ca2+ 
is needed to maintain openings of Ano1 channels. 
Several potential sources are possible. The pla-
teau phase of slow waves recorded from ICC is in 
the range of potentials that generate “window 
currents” from L-type Ca2+ channels [13]. 
Therefore, openings of these Ca2+ channels could 
provide persistent Ca2+ entry that could sustain 
CICR. This is likely a mechanism for sustaining 
the plateau in canine gastric antrum because nica-
rdipine dramatically decreases and shortens the 
plateau phase of slow waves [8]. In contrast, 
dihydropyridines have little to no effect on slow 
waves in the small intestine. In murine, small 
intestine reverse mode Na+/Ca2+ exchange 
appears to be responsible for sustained Ca2+ entry 
during the plateau phase [81]. During the period 
of Ca2+ release from stores, Ca2+ entry can also 
occur through ORAI [80]. When ER Ca2+ stores 
are depleted, Ca2+ release terminates, the open 
probability for Ano1 channels drops to low lev-
els, and membrane potential repolarizes. After 
repolarization, membrane potential rests at nega-
tive levels, Ca2+ entry is minimal, and the stores 
refill via SOCE [80].

There is another ICC behavior in which mem-
brane potential of the SIP syncytium is condi-
tioned or tuned into a range where SMCs become 
rhythmic. In colonic longitudinal muscle, rhyth-
mic intercellular Ca2+ waves occur that are due to 
the periodic firing of Ca2+ action potentials in 
longitudinal muscle cells [34]. These events are 
inhibited by an Ano1 antagonist [20]. Ano1 is 
expressed in ICC but not in SMCs, so it is likely 
that the inward current due to Ano1 develops in 
the ICC along the serosal surface, ICC-SS. This 
hypothesis was investigated in muscles of murine 
proximal colon [20]. ICC-SS form network-like 
structures and fire stochastic, localized Ca2+ tran-
sients. These events did not spread cell to cell as 
observed in ICC-MY or ICC-SM.  Thus, they 
appear to be a hybrid type of ICC with stellate 
morphologies reminiscent of pacemaker ICC, but 
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with Ca2+ dynamics similar to ICC-IM and ICC- 
DMP.  As in all other ICC, however, Ca2+ tran-
sients in ICC-SS activate Ano1 channels in the 
PM. The inward currents produced summate to 
provide a depolarizing influence on longitudinal 
muscle cells, bringing membrane potential into a 
range where the SMCs fire Ca2+ action potentials. 
Thus, this example of electrical and mechanical 
rhythmicity represents an emergent property due 
to the electrophysiological characteristics of 
ICC-SS and SMCs and electrical coupling 
between these cells.

22.5  Conclusions

Ca2+ imaging has provided revelations about the 
mechanisms and functions of interstitial cells in 
GI muscles. These cells have dynamic Ca2+ han-
dling mechanisms that utilize activation of Ano1 
or SK3 channels in the PM and conduction of 
electrical responses to SMCs to distribute slow 
waves and responses to neural inputs from enteric 
and sympathetic motor neurons. Much has been 
learned about the organization and functions of 
ICC and PDGFRα+ cells in normal GI muscles. It 
is now clear that disease or genetic mutations 
causing loss of function in interstitial cells can 
result in GI motor disorders. It is also possible 
that responses to immune mediators and pheno-
typic changes in interstitial cells could be a cause 
of fibrosis. However, we still lack knowledge 
about what causes defects or alters the pheno-
types of interstitial cells and have no therapeutic 
means of restoring their functions if damaged in 
disease or aging. It is possible that defects in the 
SIP syncytium are the primary cause of motor 
disorders, and additional studies are needed to 
learn how to manipulate and potentially repair 
interstitial cell networks and connectivity with 
motor neurons. In-depth study of the pathophysi-
ology of interstitial cells may provide new oppor-
tunities for therapeutics.
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Abstract

Distinguishing and characterising the differ-
ent classes of neurons that make up a neural 
circuit has been a long-term goal for many 
neuroscientists. The enteric nervous system is 
a large but moderately simple part of the ner-
vous system. Enteric neurons in laboratory 
animals have been extensively characterised 
morphologically, electrophysiologically, by 
projections and immunohistochemically. 
However, studies of human enteric nervous 
system are less advanced despite the potential 
availability of tissue from elective surgery 
(with appropriate ethics permits). Recent stud-
ies using single cell sequencing have con-
firmed and extended the classification of 
enteric neurons in mice and human, but it is 
not clear whether an encompassing classifica-
tion has been achieved. We present prelimi-
nary data on a means to distinguish classes of 
myenteric neurons in specimens of human 
colon combining immunohistochemical, mor-
phological, projection and size data on single 
cells. A method to apply multiple layers of 
antisera to specimens was developed, allow-

ing up to 12 markers to be characterised in 
individual neurons. Applied to multi-axonal 
Dogiel type II neurons, this approach demon-
strated that they constitute fewer than 5% of 
myenteric neurons, are nearly all immunore-
active for choline acetyltransferase and tachy-
kinins. Many express the calcium-binding 
proteins calbindin and calretinin and they are 
larger than average myenteric cells. This 
methodology provides a complementary 
approach to single-cell mRNA profiling to 
provide a comprehensive account of the types 
of myenteric neurons in the human colon.

Keywords

Enteric nervous system · Human · Colon · 
Myenteric plexus · Immunohistochemistry

23.1  Classifying Neurons

The neuron doctrine recognised that the nerve 
cell is the fundamental building block of neural 
circuits. Given the large numbers of neurons 
involved in functional circuits in vertebrates, it is 
essential to be able to group neurons into classes, 
to simplify our understanding of how circuits 
work. In the human brain, each of the 100 billion 
neurons is unique. However, all neurons share 
fundamental features (axons, ion channels, trans-
mitter release mechanisms). Thus we can classify 
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the human nervous system as comprising 100 bil-
lion separate classes or having just one super-
class. Neither classification is useful. The goal of 
neuronal classification is to group together neu-
rons with shared features and distinguish them 
from other neurons with different combinations 
of features. The ideal is to hit the ‘sweet spot’ 
between large numbers of classes with little het-
erogeneity and fewer classes with too much het-
erogeneity. The value of such a classification is 
clear when trying to understand how functional 
circuits tune behavioural responses to stimuli. 
These considerations apply to classifying neu-
rons in the human enteric nervous system as 
much as they do to classifying interneurons in the 
central nervous system.

23.1.1  Goals for Classification

Our long-term goal is to understand how the 
enteric nervous system mediates simple behav-
iours such as motor activity. A comprehensive 
classification of nerve cells in a circuit is useful 
for several purposes [1]:
 1. A list of components which make up func-

tional circuits, such as those underlying intes-
tinal motility. Connectivity between classes 
can be studied and a circuit diagram devel-
oped for modelling.

 2. A standard description which allow cross- 
regional and cross-species comparisons to be 
made, identifying evolutionary trends and/or 
development of convergent solutions to com-
mon problems.

 3. A way to improve reproducibility of findings 
between laboratories. If a certain feature is 
present in about two thirds of neurons, this 
can be hard to interpret. If it is shown to be 
expressed in four identified classes of cells 
that add up to two thirds of all cells, this has 
predictive and explanatory power, upon which 
more advanced studies can be based.

 4. New (often rare) types of cells can be discov-
ered, which may be otherwise missed due to 
sampling biases. In addition, current single 
cell RNA-seq methods have demonstrated 

that new cell-specific targets can be identified, 
including unique type-specific markers.

 5. Genetic access can be achieved by identifying 
a unique marker gene for a subset of cells 
which can be used to target those neurons via 
their regulatory elements. Well established in 
mice, fruit flies and zebra fish; such approaches 
are becoming more widely available.

 6. Changes of neuronal features over time can be 
studied. A robust classification allows the 
sequence of class-specific changes during 
development or in response to inflammation 
or disease processes to be documented sys-
tematically, rather than averaging changes 
indiscriminately across all classes.

23.2  The Opportunity to Study 
Human Enteric Nervous 
System

Most studies of nerve cells at the level of single 
cells have been undertaken in animal models, for 
obvious ethical reasons. In the last decade this 
has started to change, with opportunities for 
study of human stem cell-derived neurons and 
organoids becoming possible. However, the bulk 
of studies of enteric neurons have been carried 
out in a few laboratory species, mostly mice, rats 
and guinea pigs, with smaller numbers of studies 
in pigs, rabbits and other species.

It is also possible to obtain specimens of live 
human gastrointestinal tissue from patients 
undergoing elective surgery as a considerable 
amount healthy tissue is usually included at the 
margins of bowel resected for tumours. Thus, 
full-wall-thickness specimens of bowel up to 
20–30-cm long may be obtained which are suit-
able for laboratory study, with the appropriate 
ethics permits. Moreover, bowel cancer is a com-
mon condition, so there is an abundant supply of 
tissues. In addition, bowel from patients with 
ulcerative colitis, Crohn’s disease and diverticu-
litis is also available, making it possible to iden-
tify changes associated with some disorders.

This is a remarkable opportunity; for most 
other parts of the nervous system, human sam-
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ples are restricted to post-mortem tissue, which 
often shows significant signs of degradation.

23.2.1  Technical Issues with Use 
of Human Tissue

While human tissue is available from abdominal 
surgery, there are significant issues that must be 
addressed before tissue can be studied in the lab-
oratory. Obtaining prior written informed con-
sent from patients who are capable of making an 
informed decision imposes significant additional 
workload on staff of the surgical unit. Other ethi-
cal issues include potential compromise of 
patient confidentiality and interference with 
pathologists’ analysis (which is rarely a problem 
with tumour resections as care is taken not to take 
tumoral or peri-tumoral tissues). Other ethical 
considerations include the responsibilities for 
informing patients if genetic analysis identifies 
disease-causing mutations and inaccurate per-
ception of duress or benefit to the patient during 
the consent process. In addition, there are signifi-
cant occupational health and safety issues for 
laboratory staff involved in collecting or process-
ing human tissue before fixation occurs, high-
lighted recently by the discovery of significant 
SARS-coV-2 load in human bowel content [2], in 
addition to many other pathogens including HIV 
and hepatitis C.

In addition to ethical and procedural matters, 
the physical handling of tissue can affect the 
quality of results. Delays between when the 
blood supply to the tissue is interrupted and the 
tissue is placed in cooled solution (i.e. ‘warm 
ischaemia time’) and time taken to transport the 
specimen to the laboratory may affect the health 
of the cells. The degree of stretch during fixation 
affects the quality of dissection for wholemount 
tissues, as well as quantitation of cell densities. 
Removal of excess tissue by sharp dissection and 
choice of tissue-permeabilisation protocols 
strongly affect the thickness of the preparation 
and quality of staining, especially signal and 
background ratio, with fluorescence staining. 
Many of these considerations are reviewed by 
Knowles et  al. (2011) [3]. Recent technical 

advances have greatly improved the visualisation 
of full thickness wholemount preparations of 
human bowel, using a variety of clearing proto-
cols [4–6], although these are time-consuming 
and are only recently becoming more widely 
used.

23.3  Classification of Enteric 
Neurons

The classification of neurons is currently under-
going a transformation due to the proliferation of 
studies using high-throughput single-cell RNA 
sequencing [7]. Nevertheless, complete reliance 
on analysis of transcriptomics is likely to miss 
important classes of cells that are revealed by 
other methods [8], so it is worth reprising the 
basis of previous taxonomies of enteric neurons.

Early methods to distinguish types of enteric 
neurons were based on soma-dendritic morphol-
ogy revealed by silver stains [9] or methylene 
blue [10]. These have been reviewed and refined 
[11, 12], and three to six classes of neurons can 
be distinguished on the basis of numbers of 
axons, morphology of dendrites and shape and 
size of cell body. A taxonomy based largely on 
soma-dendritic morphology has recently been 
published [13]. Classifications by electrophysio-
logical features revealed just a few distinct types 
[14, 15], although later studies suggested that 
these may be subdivided on the basis of responses 
to injected current pulses [16, 17] although this 
has not been comprehensively studied to date in 
the gastrointestinal tract. To a large extent, elec-
trophysiological types of neurons (S cells and 
AH cells) were shown to correspond to the two 
major morphological types (type I and type II) 
[18]. Pharmacological and ultrastructural fea-
tures also added options for classifying enteric 
neurons [19].

23.4  Chemical Coding

Meanwhile, the presence of neuropeptides in 
nerve fibres and cell bodies in the enteric nervous 
system had been detected using immunohisto-
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chemical methods. First, in mice, substance P 
[20], VIP, ENK and SOM were characterised 
[21]. Later, a range of neuropeptides were 
mapped in other species of laboratory animals. 
This quickly led to the conclusion that single 
neurons could contain and release multiple trans-
mitters [22]. From this, the concept of ‘chemical 
coding’ of neurons was born: the idea that combi-
nations of markers could be used to distinguish 
functional classes [23, 24]. Many types of enteric 
neurons (>10) could be distinguished using this 
approach. This was later supplemented by the 
systematic application of retrograde tracing of 
enteric neurons combined with immunohisto-
chemical labelling which allowed chemical cod-
ing to be directly related to targets and polarities 
of different functional classes of enteric neurons 
[25, 26] including cholinergic and ‘nitrergic’ 
neurones, acetylcholine and nitric oxide being 
the major excitatory and inhibitory neurotrans-
mitters in the gut wall.

The ability of chemical coding to distinguish 
multiple types of enteric neurons was soon 
applied to human bowel samples. VIP- SP and 
bombesin-like immunoreactivity was detected in 
nerve fibres in human bowel [27], followed by 
somatostatin [28], and since then many other 
neuropeptides, enzymes, calcium-binding pro-
teins and cytoskeletal proteins have been charac-
terised. Retrograde-tracing studies have also 
been used to extend the identification of func-
tional classes in the human bowel [29–31], and 
similarities and difference to small laboratory 
animals became apparent [32].

23.5  Limits of Chemical Coding

Chemical coding was capable of distinguishing 
markers in different populations of neurons, but 
it was also constrained by the number of mark-
ers that could be studied simultaneously. 
Typically, only three to four markers could be 
labelled in the same piece of tissue due to avail-
ability of fluorescence filters. This meant that 
many dozens of combinations of staining had to 
be analysed to achieve comprehensive coverage 
of all markers. Since each stained sample had a 

finite number of cells (usually a few hundred), 
sampling errors accumulated when results were 
combined arithmetically. Despite this, a com-
prehensive, quantitative description of the 
enteric nervous system of the guinea pig small 
intestine was developed [33] and was followed 
by quantitative accounts in the guinea pig stom-
ach [34], guinea pig distal colon [35] and mouse 
small and large intestines [36, 37]. However, in 
each case, descriptions of classes tended to be 
incomplete, with minority markers in many 
classes remaining unquantified (often labelled 
as ‘plus or minus’ a marker). To date, no com-
prehensive quantitative accounts of the human 
enteric nervous system have been developed 
although a recent report shows progress towards 
this goal [13].

In contrast, recent studies in the mouse using 
transcriptomic methods have identified nine clus-
ters of myenteric neurons [38] or in a larger sam-
ple (of 4932 neurons) 12 classes [39] or 18 or 21 
classes [40]. The mathematics of clustering is 
complex and different methods yield different 
results [41]. Strikingly, within all of these 
schemes, there is considerable variability in 
expression of transcripts by neurons within the 
same cluster – the issue of ‘plus or minus’ mark-
ers persists in single cell RNA-seq, albeit with 
better quantitation. This strongly suggests that 
even within a defined class, major markers may 
be constant, but other markers may show consid-
erable variability in expression levels. However, 
while single-cell RNA-seq can be combined with 
studies of cell morphology, biophysics, projec-
tion or connectivity [42], this is a very low- 
throughput technology. In contrast, 
electrophysiological, morphological, immuno-
histochemical and tracing methods are readily 
compatible and relate relevant features of a func-
tional taxonomy.

To summarise, transcriptome analysis is pro-
viding a richness and depth of quantitative clas-
sification of nerve cells that far surpasses other 
methods. However, the older approaches of mul-
tiple labelling immunohistochemistry and com-
patible techniques have a proven capability in 
producing a functional classification of neurons, 
which in many cases has been used to interpret 
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putative roles for clusters identified using single- 
cell RNA-seq methods.

23.6  A New Approach to Chemical 
Coding

We have recently developed an extension of mul-
tiple labelling immunohistochemistry which is 
proving useful for classification of human enteric 
neurons. Essentially the technique allows multi-
ple layers of multi-labelling immunohistochem-
istry to be applied to the same set of neurons. An 
example of this this approach has been used to 
identify the chemical coding of putative intrinsic 
primary afferent neurons (IPANs) in human 
colon for the first time.

First, all myenteric nerve cell bodies were 
labelled with HuC/D. We then analysed cell mor-
phology for 2596 neurons immunohistochemi-
cally labelled for the Neurofilament 200, a marker 
which has been used as a means to classify human 
enteric neuron soma-dendritic morphology [43, 
44]. It should be noted that these cells were 
treated with colchicine before fixation, to enhance 
neuropeptide immunoreactivity in cell bodies. 
They were also pre-treated with 
5- hydroxytryptamine to load 5-HT-accumulating 
cell bodies. A total of 55 neurons were identified 
with definitive Dogiel type II morphology, with 
medium to large usually ovoid cell bodies with 
two or more axonal processes or pseudo-unipolar 
axonal structure. Because Neurofilament 200 
immunoreactive cells are so densely packed, it 
was impossible to count axons arising from many 
cell bodies, so 55 is certainly an underestimate of 
the true numbers of multi-axonal cells.

We then examined the immunoreactivity of 
these 55 cells for 11 other markers applied in five 
layers of staining separated by antibody elution. 
In decreasing order of abundance, human colonic 
Dogiel type II neurons were immunoreactive for 
choline acetyltransferase (100%), SP (89%), cal-
retinin (76%), calbindin (65%), somatostatin 
(22%), 5-hydroxytryptamine (22%), CGRP 
(15%), VIP (1.8%) and NPY (1.8%). NOS and 
enkephalin were entirely absent from this popu-
lation. Next, we estimated the total proportion of 

Dogiel type II neurons by counting all cells with 
the specific combinations of markers present in 
the 55 positively identified Dogiel type II neu-
rons. This identified 119 neurons out of 2596 
neurons, suggesting that about 4.6% of colonic 
myenteric neurons have Dogiel type II coding. 
This is significantly fewer than in the human 
small intestine where these multi-axonal nerve 
cells constitute approximately 10% of myenteric 
neurons [44]. There was no significant difference 
in the proportions in proximal and distal colon 
(4.8% vs 4.3%, NS). Lastly, we compared the 
size of these neurons on the basis of vertical pro-
jection area of HuC/D immunoreactivity in the 
cell body. Dogiel type neurons were considerably 
larger than most other cells, averaging 1618 ± 
785  μm2 compared to 656 ± 433  μm2 for all 
myenteric neurons.

23.7  Discussion

Using the new multilayer protocol, it is possible 
to examine quantitatively types of human enteric 
neurons classified by chemical coding. In addi-
tion to the presence of immunohistochemical 
markers, it is possible to add data on cell soma- 
dendritic morphology (from neurofilament 200 
immunoreactivity) and cell size (standardised 
using HuC/D immunoreactivity). This data can 
be combined with retrograde tracing studies in 
human colon which have used a range of immu-
nohistochemical markers [29–31, 45–48]. By 
comparing the chemical coding of axons in target 
tissues with the chemical coding of nerve cell 
bodies, it is possible to identify targets for many 
types of neurons. It is interesting that the clusters 
of neurons from single-cell RT-seq studies [38–
40] have primarily been assigned putative func-
tions based on this type of data.

Here, we illustrated the use of systematic 
immunohistochemical data to characterise puta-
tive intrinsic primary afferent neurons (IPANs) in 
human colonic myenteric plexus. In the guinea 
pig small intestine, these have multipolar Dogiel 
type II morphology and AH cell electrophysio-
logical features [49, 50]. These neurons have 
been characterised in human small intestinal 
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myenteric plexus where the combination of SP+/
SOM+ or calretinin+/SOM+ has high predictive 
values for Dogiel type II neurons. The situation 
appears quite different in colon where calretinin+/
SOM+ neurons account for just 7.6% of Dogiel 
type II neurons and SP+/SOM+ neurons account 
for 19.3%. This reflects the lower expression of 
SOM in human colonic nerves compared to the 
small intestine [28] and may relate to the differ-
ing functions of these regions of gut. Unlike the 
guinea pig small intestine [51], calbindin is not 
an exclusive marker of Dogiel type II neurons in 
human colon [46, 52]. Furthermore, CGRP was 
only found in a small minority (15%) of Dogiel 
type II neurons in human colon, whereas it is an 
abundant marker of nearly all in the mouse colon 
[53]. Clearly there are major differences in the 
chemical coding of homologous cells in different 
species. Developing a systematic taxonomy of 
the human enteric nervous system is an important 
goal for neurogastroenterology.
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24Neurons, Macrophages, and Glia: 
The Role of Intercellular 
Communication in the Enteric 
Nervous System

Simona Elisa Carbone

Abstract

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

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

Keywords

Enteric neuron · Enteric glial cells (EGCs) · 
Muscularis macrophages (mMacs) · 
Intercellular communication · Calcium (Ca2+) 
imaging · Immunohistochemistry

24.1  Introduction

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

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

24.2  The Role of EGCs in ENS 
Communication

EGCs are considered to be electrically “silent” 
cells as they fail to demonstrate a response to cur-
rent pulses, electrical stimulation, or pharmaco-
logical agents in electrophysiological recordings 
(human-Carbone unpublished data, [33]). This is 
in contrast to neurons which routinely generate 
an action potential when depolarized by current 
pulses. It is well documented that EGC signal via 
the release of intracellular Ca2+ stores [6, 34, 38], 
or through cAMP production [10]. Standard 
methods to demonstrate the roles of EGCs in gas-
trointestinal physiology have employed either 
Ca2+ indicator dyes (e.g., Fluo-4) or mice that 
selectively express genetically encoded calcium 
indicators (GECIs) in EGC [34]. Exogenously 
applied transmitters such as ATP and serotonin 
(5-HT) trigger an elevation in intracellular Ca2+ 
in EGCs [6]. This provides indirect evidence of 
the mechanisms by which enteric neurons regu-
late EGC functions. Specialized contact sites 
between enteric neurons and glial termed neuro- 
glial junctions have been identified in rodent 
intestine by electron microscopy [22, 23]. 
However, what evidence is there that enteric neu-
rons release these neurotransmitters to directly 
activate EGCs?

EGCs express several receptors for neu-
rotransmitters released by enteric neurons includ-
ing purinergic, adrenergic, and metabotropic 
glutamate receptors [29]. Ca2+ imaging studies 
have provided examples where pharmacological 
or electrical activation of enteric neurons leads to 
subsequent responses in EGCs. Purinergic sig-
naling is a major mechanism by which enteric 
neurons can activate EGCs [25, 28]. An impor-
tant consideration for neuron-glia communica-
tion is that not all responses are inhibited by the 
voltage-sensitive Na+ channel inhibitor, tetrodo-
toxin (TTX) [7, 21]. While these channels are 
important for initiating the pathways that lead to 
typical synaptic transmission, this observation 
suggests that other mechanisms are involved. 
Enteric neurons can release ATP via channels 
formed by the protein subunits called pannexins. 
The release of ATP enteric neurons through pan-
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nexin channels has been shown to mediate neuro-
nal death [31]. However, a recent study from 
Boesmans et al. [7] provided evidence that pan-
nexin channels provide a “communicating junc-
tion” between enteric neurons and EGCs. 
Boesmans et  al. used photolytic uncaging of 
cytosolic calcium to activate individual enteric 
neurons. Their results showed calcium transients 
in ~2 neighboring glial cells per single neuron 
stimulated. Only ~0.5 EGCs responded in the 
presence of either purinergic P2 receptor antago-
nist suramin or the nonselective pannexin inhibi-
tor probenecid. The mean amplitude of responses 
was also attenuated. This is not surprising as it is 
likely that other neurotransmitters have roles in 
neuron-glia communication. EGCs respond to 
the application of other agonists for receptors 
such as nicotinic acetylcholine and neurokinin 2 
(NK2) receptors. Furthermore, calcium is only 
one measure of cell activation, and signaling 
through cAMP in response to various stimuli has 
rarely been investigated. There is evidence that 
neuron-glia interactions occur during physiologi-
cal events, particularly during motility patterns 
such as colonic motor complexes (CMCs) [8, 34]. 
Evidence from these studies indicates that only 
subpopulations of EGCs are activated during this 
physiological event and that this activation is sec-
ondary to enteric neuron stimulation. While this 
suggests potential roles for EGCs in modulating 
GI motility, research from other groups indicates 
that EGCs may not have a major contribution to 
this process [42].

It is worth noting that EGCs can also receive 
input from the autonomic nervous system and 
extrinsic sensory neurons [15, 30]. Gulbransen 
et  al. in 2010 demonstrated that electrical field 
stimulation of nerve fiber tracts in the myenteric 
plexus of the guinea pig colon typically elicited 
robust Ca2+ transients in EGCs. However, the 
amplitude of these responses was significantly 
reduced in tissues where extrinsic nerves were 
chemically or surgically removed. The authors 
suggested that the primary neurotransmitter 
involved may be ATP since EGCs failed to 
respond to exogenous application of norepineph-

rine [30]. While EGCs are closely associated 
with TRPV1 expressing neuronal varicosities 
[15], stimulation of primary afferent nerves with 
capsaicin does not elicit a Ca2+ response in these 
cells [30]. EGCs are also closely associated with 
tachykinin immunoreactive varicosities, which 
include both extrinsic and intrinsic nerve fibers. 
Given that EGCs robustly respond to exogenous 
application of NK2R agonists, it is likely that this 
provides a mechanism for interaction with extrin-
sic sensory fibers. While the mechanisms for 
transmission between extrinsic sensory nerve 
fibers and EGC are not clear, they may be impor-
tant for the development of visceral pain follow-
ing bowel inflammation [27].

24.3  Communication Between 
Neighboring EGCs

Functional coupling of EGCs is an important 
mechanism for how this network of cells inter-
acts. While electron microscopy studies fail to 
demonstrate the formation of typical gap junc-
tions between many EGCs in the myenteric 
plexus of the rodent intestine [23], dye filling 
experiments provide evidence to support func-
tional coupling within this network of cells [32]. 
Gap junctions are made up of hemichannels 
formed from connexin protein subunits. Ca2+ 
imaging experiments have demonstrated the 
importance of this functional coupling, as 
responses to exogenously applied ADP are atten-
uated with inhibition or deletion of these hemi-
channels [38]. In these experiments, hemichannels 
were either inhibited pharmacologically in tis-
sues from wild-type animals or deleted by glia- 
specific disruption of the gene encoding 
connexin-43. In this same study, tissue from the 
modified mice failed to generate contractions in 
response to electrical stimulation of neurons, and 
GI motility in vivo was generally delayed. These 
results highlight that coupling between EGCs is 
important for functional interactions within this 
network of cells and the functional output of the 
ENS in physiological processes more broadly.
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24.4  The Role of mMacs in ENS 
Communication

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

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

fetal gut [9, 20, 24]. mMacs highly express bone 
morphogenetic protein 2 (BMP2) [40]; therefore 
it is hypothesized that secretion of this soluble 
factor provides a mechanism for mMacs to inter-
act with enteric neurons. In intestinal and stom-
ach tissues from op/op mice [11, 12], the 
continual absence of mMacs is associated with 
the development of significantly greater numbers 
of enteric neurons. Immunohistochemistry data 
from Cipriani et al. suggests, that in the stomach 
of op/op mice, the proportion of nitrergic neurons 
in the myenteric plexus is more affected by the 
absence of mMacs than the proportion of cholin-
ergic neurons [11, 12]. The overall increase of 
enteric neuron number is consistent with findings 
from tissues in mice that globally overexpress the 
BMP antagonist, noggin [9]. However, the timing 
of mMac depletion may have important implica-
tions for how their potential roles in ENS mainte-
nance and function are interpreted. The use of 
tissues from inducible knockout models has 
shown that chronic mMac depletion leads to sig-
nificant reductions in enteric neuron number 
(Cx3cr1CreERT2.Rosa26-iDTR) [14]. Muller 
et  al. employed a different strategy to deplete 
macrophages by administering monoclonal anti-
bodies directed at the CSF-1 receptor to mice 
[40]. They found no significant effects on enteric 
neuron number following acute depletion of 
macrophages, although functional effects were 
noted and will be discussed later in this review. 
How the changes in enteric neuron number then 
alter the output of the ENS is a necessary aspect 
to validate the impact of these changes in gastro-
intestinal processes.

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

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

Several studies have investigated the potential 
involvement of mMac in gastrointestinal motility 
and secretion. In a study by De Schepper et al., 
depletion of mMacs inhibited the ability for ileal 
segments to generate neurally evoked contrac-
tions and limited neurally mediated increases in 
short circuit current (a measure of secretion). 
This was supported by in vivo analysis showing 
that mMac depletion reduced small intestinal 
transit and increased transit times in treated mice 
[14]. The hypothesis from this paper centered on 
the idea that mMacs are necessary for the con-
tinual maintenance of the enteric neurons. While 
Muller et al. showed that fecal pellet output was 
delayed in mice treated with αCSF-1 to deplete 
mMacs, they identified that this delay was due to 
“dysmotility” [40]. In contrast to findings by De 
Schepper et  al., contractility increased in small 
colonic segments from mMac-depleted mice, and 
this increase was perturbed by stretching the tis-
sue. Colonic motility returns to normal in mMac- 
depleted tissues treated with exogenously applied 
BMP2, as mMacs typically release BMP2 for 
which there are receptors on enteric neurons. 
This led the authors to postulate that BMP2 is an 
important signaling molecule for the direct acti-
vation of enteric neurons during physiological 
processes. Observations by Luo et al. challenge 
the relative involvement of enteric neurons in 
mMac-mediated contractions [37]. Using opto-
genetics and genetic approaches (DREADD 
mice, Designer Receptors Exclusively Activated 
by Designer Drugs), they were able to selectively 
activate mMacs and demonstrate a corresponding 
contraction in segments of the colon. These con-
tractions were TTX-insensitive suggesting 
mMacs directly stimulated the smooth muscle 
cells. This study provided evidence that the 
mechanisms for this interaction involved the 
release of prostaglandin E2 (PGE2) from mMac 
acting on the prostaglandin E receptors on smooth 
muscle cells. However, others have shown that 
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activation of mMac with the bacterially derived 
endotoxin lipopolysaccharide (LPS) inhibits cir-
cular muscle contractility, through an iNOS- 
dependent mechanism [18, 19]. Unpublished 
evidence from our laboratory questions whether 
mMacs have a clear role in controlling motility 
under physiological conditions, and we postulate 
whether these roles may be more pronounced in 
pathophysiology. The conflicting findings across 
the literature certainly demonstrate that our 
understanding of the functions of mMacs in GI 
motility and physiological functions more 
broadly is still being defined.

24.6  Evidence for EGC and mMac 
Interactions in the Gut Wall

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

24.7  Conclusion

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

process? At present, enteric neurons are divided 
into several, much more diverse subtypes based 
on transmitter complement and expression than 
EGCs and mMacs [17]. While there are subsets 
of EGCs and mMac, they appear to be far more 
similar to each other than enteric neuron subsets. 
EGCs and mMacs form functional networks and 
perhaps the more limited diversity compared to 
enteric neurons assists in the synchrony of the 
system. By firing in synchrony EGCs/mMac may 
amplify the outcome of neural firing. 
Understanding the roles of EGCs and mMacs in 
ENS communication is a growing area, with 
many questions remain to be answered. Potential 
mechanisms for how these cells communicate 
with the ENS have been identified. However, 
future directions should aim to seek clarification 
as to when these interactions are important.
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25Mas-Related G Protein-Coupled 
Receptors (Mrgprs) as Mediators 
of Gut Neuro-Immune Signaling
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Abstract

Over the past 15 years, the research field on 
Mas-related G protein-coupled receptors 
(Mrgprs), a relatively new family of rhodopsin 
A-like G protein-coupled receptors, has 
expanded enormously, and a plethora of recent 
studies have provided evidence that several of 
these Mrgpr family members play an impor-
tant role in the underlying mechanisms of itch 
and pain, as well as in the initiation and modu-
lation of inflammatory/allergic responses. 
Initial studies mainly focused on the skin, but 
more recently also visceral organs such as the 
respiratory and gastrointestinal (GI) tracts 
emerged as sites for Mrgpr involvement. It has 
become clear that the gastrointestinal tract and 
its innervation in close association with the 
immune system represent a novel expression 
site for Mrgprs where they contribute to the 
interoceptive mechanisms maintaining 
homeostasis and might constitute promising 
targets in chronic abdominal pain disorders. In 
this short review, we provide an update of our 
current knowledge on the expression, distribu-
tion, and function of members of this Mrgpr 

family in intrinsic and extrinsic neuro-immune 
pathways related to the gastrointestinal tract, 
their mediatory role(s) in gut neuro-immune 
signaling, and their involvement in visceral 
afferent (nociceptive) pathways.

Keywords
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immune signaling · Mast cell

25.1  The Family of Mas-Related G 
Protein-Coupled Receptors

About two decades ago, a novel family of rho-
dopsin A-like G protein-coupled receptors 
(GPCRs) was discovered in the mouse and human 
genome [1, 2]. The members of this family 
showed 30–41% sequence homology with the 
Mas oncogene and was accordingly termed Mas- 
related G protein-coupled receptors (Mrgprs). 
Mammalian Mrgprs are subdivided into nine 
separate subfamilies (A-H and X). Subfamilies D 
to G are evolutionarily conserved between spe-
cies and thus considered direct orthologues [1–
3], whereas subfamilies A, B, C, and H are only 
found in rodents, and subfamily X is specific to 
primates, including humans, macaques, and rhe-
sus monkeys [1–5]. Even though these rodent- 
specific and human-specific receptors are 
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divergent in their gene and protein sequences, 
they do share common expression patterns and 
ligands and are therefore considered functional 
orthologues. Since their initial discovery, it has 
become clear that Mrgprs might be involved in a 
wide array of human disorders, and our insights 
in their signaling pathways and polymorphisms 
are increasing, but there is still a long way to go 
[6].

25.2  Mrgprs in the Skin Sensory 
Innervation

In the skin sensory innervation (Fig.  25.1), 
Mrgprs are primarily expressed in small- to 
medium-diameter DRG neurons [7–12]. 
Although most of these Mrgpr-expressing neu-
rons selectively bind isolectin B4 (IB4) and 
express the glial cell-derived neurotrophic factor 
(GDNF) receptor Ret, which marks a subset of 
non-peptidergic, nociceptive DRG neurons, dis-
tinct Mrgprs have also been reported to be 
expressed in subsets of peptidergic, calcitonin 
gene-related peptide (CGRP)-expressing noci-
ceptive neurons [1, 4, 7]. In line with their expres-
sion in DRG neurons, a large body of evidence 
indicates that Mrgprs are involved in somatosen-
sation, more specifically in nociception and pru-
riception, also known as itch, which are both 
complex sensory modalities intended to protect 
us from and respond to (potentially) harmful 
stimuli.

25.2.1  Mrgpra3 and MRGPRX1

Murine Mrgpra3 is expressed in a subset of 
small- to medium-diameter DRG neurons that 
innervate the epidermal layers of the skin [11]. 
Upon activation by its respective ligand, that is, 
the antimalarial drug chloroquine, Mrgpra3 sig-
naling induces nocifensive scratching behavior in 
wild-type mice indicative of itch, a behavior that 
is abolished in animals lacking Mrgpra3 [10, 11]. 
Since Mrgpra3 activation specifically induces 
itch behavior and not pain behavior, it was gener-
ally accepted that Mrgpra3-expressing C-fibers 

represented a subpopulation specifically involved 
in itch detection and not in pain, but a recent 
report showed that Mrgpra3-expressing C-fibers 
transmit both itch and pain, where fast ionotropic 
receptor signaling of neurons triggers pain 
responses, whereas metabotropic signaling 
through Mrgpra3 in the same population of fibers 
encodes for itch responses, which can be allevi-
ated by blocking TRP channels [13].

In chronic itch models, Mrgpra3-expressing 
DRG neurons display marked expressional 
changes, and Mrgpra3-expressing nerve fibers 
display increased spontaneous activity and excit-
ability [14, 15]. Moreover, deletion of several 
Mrgpr members including Mrgpra3 markedly 
reduces spontaneous scratching behaviors under 
chronic itch conditions, indicating that Mrgpra3 
represents an important underlying driver in 
mouse models of chronic itch conditions [15, 
16].

Mrgpra3 has no direct orthologue in humans, 
but the human MRGPRX1 member is considered 
the functional orthologue of Mrgpra3 based on 
similar expression patterns and ligands [10]. 
Cutaneous activation of MRGPRX1 induces itch 
responses in MRGPRX1-humanized mice as 
well as in human subjects, strongly supporting 
the translational potential of the findings in mice 
[17].

25.2.2  Mrgpra1/MRGPRX4

For both murine Mrgpra1 and human MRGPRX4, 
which are expressed in small-diameter DRG neu-
rons and trigeminal neurons, it was recently 
shown that these receptors are activated by biliru-
bin and several other bile acid metabolites [18, 
19]. In mice, cutaneous application of bilirubin 
induces scratching behavior in an Mrgpra1- 
dependent manner, and similar findings were 
observed in humanized MRGPRX4 mice [19]. 
Furthermore, human DRG neurons are respon-
sive to bile acids in an MRGPRX4-dependent 
manner, and pharmacological activation of 
MRGPRX4 induces itch sensations in human 
subjects [18]. In cholestatic conditions, elevated 
bile acids are correlated with the occurrence of 
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Fig. 25.1 Schematic overview of the expression and cellular location of Mrgprs in skin, in respiratory airways and in 
the gastrointestinal tract
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itch among patients with liver disease and are 
sufficient to activate MRGPRX4. Similarly, 
humanized MRGPRX4 mice scratched more fre-
quently compared to control mice lacking 
MRGPRX4 under cholestatic model conditions, 
and this scratching behavior was associated with 
increased serum bile acid levels, further support-
ing a role for MRGPRX4 in cholestatic itch [19, 
20].

25.2.3  Mrgprb4

Mouse Mrgprb4 is expressed in a limited popula-
tion of small-diameter, IB4-positive DRG neu-
rons that terminate in the hairy skin [9, 21]. Even 
though Mrgprb4 ligands are currently unknown, 
genetic labeling and manipulation of Mrgprb4- 
expressing sensory neurons showed that 
Mrgprb4-exspressing nerve fibers are tuned 
toward detection of gentle, massage-like stroking 
[9, 21].

25.2.4  Mrgprc11 and MRGPRX1

Mrgprc11 is also expressed in small- to medium- 
diameter DRG neurons innervating the skin, 
where the receptor is largely co-expressed with 
the Mrgpra3 family members. Using Mrgprc11- 
CreERT2 mice, a recent study by Xing and col-
leagues showed that Mrgprc11-expressing DRG 
neurons exhibit free nerve endings with extensive 
axonal branching in the superficial epidermis and 
large receptive fields [12]. Mrgprc11 is specifi-
cally activated by the synthetic peptide bovine 
adrenal medulla (BAM)8-22, and cutaneous 
application of BAM(8-22) induces scratching 
behavior that is abolished after deletion of 
Mrgprc11 [10]. Similar to Mrgpra3, Mrgprc11 is 
considered the functional orthologue of the 
human MRGPRX1 receptor due to shared expres-
sion patterns and ligands. Indeed, cutaneous 
application of BAM(8-22) elicits scratching 
responses in human subjects as well [17]. 
Remarkably, Mrgprc11 shares several ligands 
with protease-activated receptor 2 (PAR-2), 
including the PAR-2 tether ligand sequence 

SLIGRL, the cysteine protease cathepsin S, and 
the house dust mite protease Der P1, thereby 
linking Mrgprc11 to protease-mediated signaling 
[22–24]. Specifically, in the skin, these ligands 
induce pain behaviors through their actions on 
PAR-2 receptors, whereas their actions on 
Mrgprc11 receptors specifically induce itch 
responses, indicating a previously unrecognized 
functional heterogeneity in protease-mediated 
signaling.

Whereas cutaneous activation of mouse 
Mrgprc11 and human MRGPRX1 induces itch, 
central (intrathecal) activation results in profound 
anti-nociceptive effects. Central Mrgprc11 acti-
vation inhibits high voltage-activated calcium 
channels on central DRG terminals in the spinal 
dorsal horn, thereby reducing peripheral excit-
atory inputs onto postsynaptic dorsal horn neu-
rons [25, 26]. This has been shown to be an 
effective analgesic strategy in animal models of 
neurogenic and inflammatory pain [27]. Similar 
effects were observed in a humanized transgenic 
MRGPRX1 mouse model, indicative of the trans-
lational potential of these findings [28]. Mrgprc11 
at central DRG terminals physically and func-
tionally interacts with mu-opioid receptors 
(MORs), thereby increasing the potency of mor-
phine on MORs and reducing morphine-induced 
MOR desensitization and tolerance [29, 30].

Interestingly, the role of Mrgprs might not be 
limited to the sensory innervation of the skin. 
Han et al. showed that the murine vagal afferent 
innervation of the lung also is an important site 
for Mrgprc11 expression [31]. Activation of 
Mrgprc11 in the airways resulted in nocifensive 
responses similar in nature to the itch responses 
observed in the skin, such as asthmatic broncho-
constriction and airway hyperresponsiveness 
intended to remove harmful stimuli (Fig. 25.1).

25.2.5  Mrgprd

Mrgprd expression is primarily encountered in a 
subset of small-diameter, IB4-expressing DRG 
neurons that terminate in the superficial stratum 
granulosum of the skin [7, 8]. Similar to Mrgpra3 
and Mrgprc11, cutaneous application of the 
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Mrgprd ligand β-alanine induces itch behaviors 
that are absent in mice lacking Mrgprd and also 
elicits itch in human subjects [17, 32]. Apart from 
having a role in behavioral responses such as 
itch, Mrgprd controls the (mechano- and heat-) 
sensitivity of nociceptive somatosensory neu-
rons. Genetic deletion of Mrgprd expression sig-
nificantly reduces mechanical and heat 
stimulation responses of skin polymodal noci-
ceptors under normal conditions, pointing to a 
role in regulating their sensitivity [33]. Mrgprd 
likely regulates this sensitivity by controlling 
neuronal excitability, as demonstrated by the 
observation that Mrgprd activation couples to 
Gαq- and Gαi/o-mediated signaling and inhibits 
non-inactivating KCNQ2/3 potassium channel 
currents (M-currents), thereby increasing neuro-
nal excitability [34]. In addition to neuronal 
excitability under control conditions, aberrant 
Mrgprd signaling underlies LPS-triggered 
inflammatory hyperalgesia through NF-κB sig-
naling, highlighting a possible role for Mrgprd in 
inflammatory pain [35].

25.3  Mrgprs in Skin Immune Cells

Apart from their expression in sensory DRG neu-
rons, certain Mrgprs are also expressed in 
immune cell subsets (Fig. 25.1). Mouse Mrgprb2 
and its human orthologue MRGPRX2 are two 
Mrgprs members that are not expressed in sen-
sory DRG neurons but are rather specifically 
expressed in connective tissue mast cells 
(CTMCs) [36]. These receptors are typically acti-
vated by so-called “basic secretagogues,” such as 
compound 48/80, several FDA-approved drugs, 
substance P (SP), and the antimicrobial beta- 
defensin peptides [36–40]. Strikingly, activation 
of Mrgprb2/MRGPRX2 results in mast cell 
degranulation that is both spatially and  temporally 
distinct from classic IgE-mediated degranulation 
and has emerged as a novel IgE-independent 
mast cell activation pathway [41, 42]. Mrgprb2/
MRGPRX2 signaling has emerged as a key 
player in immediate drug hypersensitivity [36, 
43, 44] and as a novel paradigm in the pathophys-
iology of pseudo-allergic (drug) reactions and 

chronic itch, which were previously considered 
to be mainly driven by canonical, IgE-dependent 
mast cell activation [42]. Apart from these detri-
mental actions, Mrgprb2/MRGPRX2  in mast 
cells also plays a role as drivers of first-line pro-
tective immunity. For example, Mrgprb2/
MRGPRX2 directly sense bacterial quorum- 
sensing molecules and play a central role in the 
innate antibacterial response [45, 46]. In addi-
tion, skin allergen exposure or acute tissue dam-
age induces substance P (SP) release from 
sensory neurons, which on its turn mediates a 
protective neurogenic inflammatory response 
through Mrgprb2 signaling in mast cells [47, 48].

Very recently, a study by Perner and col-
leagues discovered Mrgpra1 expression in skin 
dendritic cells [49]. In this study, the authors 
found that allergen-induced activation of skin 
sensory neurons induces a neurogenic inflamma-
tory response through the local release of sub-
stance P, which on its turn stimulated a nearby 
located population of CD301b+ dendritic cells 
(DCs) through Mrgpra1 [49]. This Mrgpra1- 
induced signaling resulted in DC migration to the 
draining lymph node where they initiated T 
helper-2 cell differentiation, identifying a novel 
role for Mrgpra1 in allergen-induced neurogenic 
inflammation in the skin.

25.4  Mrgprs Expression 
in the Gastrointestinal (GI) 
Tract

Based on the above-described role for Mrgprs in 
the skin, it is clear that these receptors are central 
players in different aspects of skin neuro-immune 
communication. The GI tract, just like the skin, is 
continuously exposed to potential threats or 
harms from our environment and represents an 
organ where a delicate neuro-immune balance 
takes places in order to maintain its homeostasis. 
Therefore, it seems plausible that Mrgprs might 
play a relevant role in the gut as well. Indeed, 
there is a growing body of evidence that the gut is 
a relevant expression site for Mrgprs, where these 
receptors might exert similar functions as they do 
in the skin (Fig. 25.1).
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25.4.1  Mrgprs in the Enteric Nervous 
System

Early studies focused on the expression of murine 
Mrgpr members at the level of the terminal ileum. 
Previous studies in our lab investigated the 
expression of several murine Mrgpra subfamily 
members (Mrgpra1, a2, a4, a5, and a7), multiple 
Mrgprb subfamily members (Mrgprb1, b2, b4, 
b5, b8, b10), as well as the subfamily e and f 
members in the murine terminal ileum [50, 51]. 
The results of these studies revealed low mRNA 
expression for most of these members in the 
healthy intestine but significantly increased 
mRNA expression for several Mrgpra and b sub-
family members in intestinal inflammatory con-
ditions, induced by parasitic infection with 
Schistosoma mansoni (S. mansoni) or chemically 
induced by trinitrobenzenesulfonic acid (TNBS). 
Interestingly, Mrgpre and Mrgprf expression was 
significantly reduced in the TNBS-inflamed 
ileum. Further immunohistochemical studies 
using custom-developed antibodies showed that 
Mrgpra4, b2, b8, b10, e, and f are expressed, be it 
in low numbers, by several enteric neuronal sub-
types, such as sensory, secretomotor, and vasodi-
lator neurons, as well as in nerve fibers in the 
lamina propria and tunica muscularis [50, 51]. 
Unfortunately, since many of these Mrgpr mem-
bers currently remain orphan receptors without 
available ligand, further functional evaluation of 
their role in the ENS is hampered.

More recently, an immunohistochemical study 
characterized the expression and localization of 
Mrgprd in the mouse small and large intestine. 
Using a commercial antibody, the authors 
observed Mrgprd expression in smooth muscle 
cells of the tunica muscularis, as well as in lam-
ina propria macrophages and T cells, which led 
them to suggest a novel role for Mrgprd in gut 
motility and immunity [52]. However, we 
recently demonstrated that the commercial anti-
body used in the latter study displayed similar 
staining patterns in the gut of wild-type and 
Mrgprd knockout mice and hence does not spe-
cifically stain for Mrgprd [53]. Furthermore, 
Mrgprd in situ hybridization did not reveal the 
presence of Mrgprd mRNA in the gut wall, fur-

ther indicating that Mrgprd is not expressed by 
cells residing in the gut wall proper (Fig. 25.1).

25.4.2  Mrgprs in the Gut Spinal 
Afferent Innervation

25.4.2.1  Mrgpra3/c11 and Its Human 
Counterpart MRGPRX1

More recently, it has become clear that Mrgpr 
expression is not limited to the somatosensory 
DRG innervation and that the viscerosensory 
DRG innervation also represents an important 
expression site for the Mrgpr family. Using in 
situ hybridization and immunohistochemistry, 
for the first time our group reported Mrgprc11 
expression in up to 20% of colon-projecting pep-
tidergic DRG neurons [54]. Interestingly, intra-
colonic administration of an Mrgprc11 ligand, 
that is, BAM(8-22), resulted in the sensitization 
of the splanchnic afferent innervation and 
induced visceral hypersensitivity in healthy 
mice, an effect that was not observed in mice 
lacking functional Mrgprc11 expression [54]. 
Our results on Mrgprc11 were confirmed by an 
independent study by the Brierley lab, who in 
addition reported that Mrgpra3 plays a very sim-
ilar role in causing visceral hypersensitivity [55]. 
Furthermore, these authors showed functional 
upregulation of Mrgpra3 and Mrgprc11 signal-
ing pathways in a mouse model for chronic vis-
ceral hypersensitivity, highlighting the potential 
role for these Mrgprs as drivers of chronic 
abdominal pain. Both studies also confirmed the 
presence of the human functional orthologue of 
mouse Mrgpra3 and Mrgprc11, that is, 
MRGPRX1, in human thoracolumbar DRG neu-
rons. In the skin, Mrgpra3 and Mrgprc11 are 
known to mediate their effects through direct 
coupling with TRP channels [56]. Strikingly, 
this downstream coupling of Mrgpra3/Mrgprc11 
with TRP channels was equally demonstrated in 
the gut afferent innervation, where Mrgrpr-
mediated effects on gut pain sensitivity were 
abolished in mice lacking TRPA1, indicating its 
relevance as downstream target for Mrgpr-
mediated signaling in the gut afferent innerva-
tion [55].
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25.4.2.2  Mrgprd
Other studies indicated that also Mrgprd is 
expressed in the gut extrinsic DRG innervation. 
Hockley and colleagues, in their single-cell 
RNAseq-based classification of colon-projecting 
DRG neurons, identified a subset of neurons that 
were clustered based on Mrgprd expression [57]. 
Additionally, it was recently found that Mrgprd 
activation in these neurons by the polyunsatu-
rated fatty acid metabolite 5-oxo-ETE directly 
causes visceral hypersensitivity, thus pointing to 
a role for Mrgprd in the gut that is similar to that 
of Mrgpra3 and Mrgprc11 [58].

25.4.3  Mrgprs: Novel Targets 
in Chronic Abdominal Pain 
Disorders?

The newly established role for Mrgpr-mediated 
signaling in gut viscerosensory pathways shows 
that these receptors have a similar pro- nociceptive 
role to their earlier described function in the skin 
and hence can be considered to represent the vis-
ceral counterpart of itch-related pathways found 
in the skin. In this respect, Mrgpr-mediated sig-
naling might act as a novel irritant-sensing mech-
anism in the bowel which, upon activation, 
impacts on gut sensory pathways and is aimed at 
expelling (potentially) harmful stimuli from the 
body, and as such could contribute to sensory dis-
turbances commonly found in GI disorders. A 
further increase in gut afferent nerve signaling 
was observed in a post-inflammatory chronic 
abdominal pain mouse model, characterized by 
gut afferent nerve sensitization and visceral 
hypersensitivity in the absence of active inflam-
mation, after intracolonic administration of chlo-
roquine and BAM(8-22), the respective ligands 
for Mrgpra3 and Mrgprc11, suggestive of a func-
tional upregulation of these Mrgpr-mediated 
pathways under chronic abdominal pain 
conditions.

As far as Mrgprc11 is concerned, several lines 
of evidence indicate that its ligands are expressed 
in the gut and that several of these ligands are also 
linked to pathological gut conditions. BAM(8-
22), a peptide ligand that specifically acts on 

Mrgprc11 and MRGPRX1, has been described as 
a potential cleavage product of the opioid precur-
sor proenkephalin A (PENK) [2]. Even though the 
expression of BAM(8-22) itself has not been 
directly detected endogenously so far, the expres-
sion of its precursor PENK and some PENK-
derived opioid peptides has been reported in the 
GI tract, more specifically in the myenteric plexus 
and in colitogenic T cells of the colonic mucosa 
[59–62]. As such, the presence of precursors of 
BAM(8-22) indirectly suggests that this ligand 
could be present in the gut as well, although defi-
nite proof for this assumption still needs to be pro-
vided. Furthermore, Mrgprc11 is known to be 
activated by two FMRF-amide peptides, neuro-
peptide AF (NPAF) and neuropeptide FF (NPFF). 
Interestingly, intracolonic administration of 
NPAF in healthy mice induces afferent nerve sen-
sitization and visceral hypersensitivity in an 
Mrgpr-dependent manner [55]. NPAF and NPFF, 
whose common precursor gene is expressed by 
myenteric neurons and mucosal- type mast cells, 
are associated with pain signaling and inflamma-
tion and thus might act in association with 
Mrgprc11, as a possible neuro- immune axis on 
gut afferents [63–65]. In addition to being acti-
vated by NPFF and NPAF, Mrgprc11 has also 
been linked to protease- mediated signaling. 
Established protease- activated receptor 2 (PAR-2) 
agonists, such as the PAR-2 tethered ligand pep-
tide SLIGRL and distinct cysteine proteases, 
including cathepsin S, papain, and the house dust 
mice DerP1 protease, also act as Mrgprc11 ago-
nists, thereby inducing effects that were previ-
ously considered to be solely PAR2-mediated 
[22–24]. In the gut, several of these PAR-2/
Mrgprc11 ligands can be linked to visceral hyper-
sensitivity. For example, intracolonic administra-
tion of SLIGRL induces an inflammatory response 
and drives visceral hypersensitivity, an effect con-
sidered to be mediated through PAR-2 [66]. 
Moreover, increased cathepsin S activity and 
release from macrophages have been observed in 
animal models of intestinal inflammation, in 
which this ligand was found to contribute to vis-
ceral hypersensitivity through PAR-2 [67]. Also, 
direct intracolonic papain administration induces 
visceral hypersensitivity in mice [68]. Another 
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PAR-2/Mrgprc11 ligand, the house dust mite pro-
tease Der P1, is also found throughout the GI 
tract, where it has been suggested as a possible 
environmental trigger for gut dysfunction in GI 
disorders such as IBS patients [69]. At this point, 
these proteases are mainly thought to exert their 
effects in the gut through PAR-2-mediated signal-
ing in the gut afferent innervation, but the emerg-
ing role of Mrgprs in the gut afferent innervation 
adds a new dimension to the current concepts of 
protease- mediated signaling in the bowel, imply-
ing that protease-mediated signaling, which was 
previously considered to be mediated via PAR-2 
only, might also be mediated—at least in part—
through Mrgprs. Given the importance of prote-
ases and their signaling pathways in chronic 
abdominal pain disorders, further studies explor-
ing the role of protease-mediated signaling 
through Mrgprs in the gut are warranted.

25.4.4  Mrgprs in Gut Mast Cells

There is also some evidence available to suggest 
the expression of specific Mrgprs in gut mast 
cells. In our mouse studies, Mrgprb10 was found 
to be de novo expressed in mucosal mast cells of 
Schistosoma mansoni-infected ileum [50]. In an 

in  vitro study, mucosal-type bone marrow- 
derived mast cells (BMDMCs) were found to 
express Mrgpra1 and Mrgpra4 mRNA, but these 
findings have not been confirmed in  vivo [65]. 
With regard to the human MRGPRX2 member, a 
study by Plum and colleagues showed MRGPRX2 
expression in gut mast cells [70]. Furthermore, it 
was recently shown that adrenomedullin, an 
important precursor of the MRGPRX2 ligand 
PAMP20, is significantly upregulated in ulcer-
ative colitis patients, indicating a possible role for 
this receptor in driving aberrant mast cell activity 
[71]. Increased MRGPRX2 mRNA expression 
was also found in mucosal biopsies of a subset of 
immune-activated IBS patients [71]. With regard 
to the mouse counterpart of MRGPRX2, that is, 
Mrgprb2, using transgenic mouse lines, we are 
currently looking into the expression and role of 
Mrgprb2 as a novel IgE-independent mast cell 
activation pathway under healthy and pathologi-
cal conditions (Fig. 25.2).

25.5  Conclusion

Over the past years, the Mrgprs research field has 
expanded enormously, and it has become clear 
that the GI tract and its innervation represent a 

Fig. 25.2 Mrgprb2 expressing mast cells in the mouse 
colon. (a) The colon of Mrgprb2-cre:tdTomato mice, 
kindly provided by Prof. Dr. X. Dong, shows the presence 
of tdTomato-positive cells (red) that co-stain for Avidin- 
FITC (mast cell granule marker, green). (b) 3D rendering 

of an optically cleared colonic submucosal whole-mount 
of Mrgprb2-cre:tdTomato mice that was stained for tdTo-
mato (Mrgprb2-expressing cells, red) and beta-III-tubulin 
(neuronal marker, magenta)
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novel expression site for Mrgprs. Our lab was the 
first to document the expression of several murine 
Mrgpr family members in the gut wall, more spe-
cifically in the ENS, and has shown that several 
of these members undergo marked expressional 
changes under intestinal inflammatory condi-
tions. More recently, we and others have shown 
that several Mrgprs are also expressed in the gut 
extrinsic splanchnic innervation and play a role 
in gut pain (hyper)sensitivity. Considering that 
the family of Mrgprs still contains many other 
uncharacterized members, we are probably 
merely looking at the tip of the iceberg. Therefore, 
further studies are warranted, and these future 
efforts need to be focused on elucidating the 
upstream drivers of aberrant Mrgpr-mediated sig-
naling in gut sensory pathways under healthy and 
diseased conditions. Moreover, current efforts in 
our lab are focused on certain Mrgprs in gut mast 
cells and their role as novel mast cell activation 
pathways. This new knowledge should in turn 
provide us with a better understanding of the role 
these receptors and their signaling mechanisms 
play in gut neuro-immune disorders, such as IBD 
and IBS, and will eventually allow us to validate 
their therapeutic potential.
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26Analysis of Intestinal Movements 
with Spatiotemporal Maps: 
Beyond Anatomy and Physiology

Marcello Costa, Luke Wiklendt, Tim Hibberd, 
Phil Dinning, Nick J. Spencer, and Simon Brookes

Abstract

Over 150 years ago, methods for quantitative 
analysis of gastrointestinal motor patterns first 
appeared. Graphic representations of physio-
logical variables were recorded with the kymo-
graph after the mid-1800s. Changes in force or 
length of intestinal muscles could be quanti-
fied, however most recordings were limited to 
a single point along the digestive tract.

In parallel, photography and cinematogra-
phy with X-Rays visualised changes in intesti-
nal shape, but were hard to quantify. More 
recently, the ability to record physiological 
events at many sites along the gut in combina-
tion with computer processing allowed con-
struction of spatiotemporal maps. These 
included diameter maps (DMaps), constructed 
from video recordings of intestinal move-
ments and pressure maps (PMaps), con-
structed using data from high-resolution 
manometry catheters. Combining different 
kinds of spatiotemporal maps revealed addi-
tional details about gut wall status, including 

compliance, which relates forces to changes in 
length. Plotting compliance values along the 
intestine enabled combined DPMaps to be 
constructed, which can distinguish active con-
tractions and relaxations from passive 
changes. From combinations of spatiotempo-
ral maps, it is possible to deduce the role of 
enteric circuits and pacemaker cells in the 
generation of complex motor patterns. 
Development and application of spatiotempo-
ral methods to normal and abnormal motor 
patterns in animals and humans is ongoing, 
with further technical improvements arising 
from their combination with impedance 
manometry, magnetic resonance imaging, 
electrophysiology, and ultrasonography.

Keywords

Physiological traces · Gut motility · 
Mechanical recording · Manometry · 
Cinefluoroscopy · Cineradiography · 
Myoelectrical activity · Calcium imaging · 
Transit times · Intraluminal flow · Propulsion

26.1  Introduction

The digestive tract is a long organ, comprising 
multiple anatomically distinct regions, each with 
distinctive motility patterns. Variations in diet 
(herbivore, omnivore, carnivore) correlate with 
anatomical and functional variation in gut motil-
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ity between species. There remains much uncer-
tainty about the types of behaviour of the 
digestive tract. Understanding them requires 
insight into the nature and origin of forces (kinet-
ics) in the gut and their relations with actual 
movements (kinematics or ‘geometry of motion’) 
that cause propulsion of digestive content. 
However, these parameters are seldom recorded/
viewed simultaneously.

This brief review summarises the develop-
ment of methods for recording gastrointestinal 
movements and the forces that drive them. In 
early studies, these factors were recorded sepa-
rately, either as images, which are highly accu-
rate in space but frozen in time (spatial records), 
or as a graphical record of localised intestinal 
events (e.g. pressure), which are accurate in time 
but have restricted spatial resolution. The advent 
of the graphical physiological recording tech-
nique led to the development of modern physiol-
ogy and its clear separation from anatomy.

Over last century new methods have 
increased the temporal resolution of changes in 
the shape of the gut; photography and cinema-
tography (kinematics) culminated in the con-
struction of diameter maps (DMaps). In parallel, 
the number and spatial resolution of force/pres-
sure sensors incorporated into catheters have 
improved significantly (i.e. kinetics). 
Interpolation between multiple recording sites 
enables the construction of intraluminal pres-
sure maps (PMaps).

Recently DMap and PMaps have been com-
bined (DPMaps). These composite maps provide 
a fuller spatiotemporal representation of intesti-
nal events, unifying the historical disciplines of 
anatomy and physiology into four-dimensional 
space. In recent years, algorithms have been 
developed to represent changes in three- 
dimensional features whose shape changes over 
time [8, 183], including examples from gastroin-
testinal motility [79]. The current ability to dif-
ferentiate muscle-mechanical states from 
compliance measurements in DPMaps has pro-
vided a window into the activity status of enteric 
motor circuits and pacemaker networks. Adding 
recording of intraluminal flow to DPMaps would 

achieve a long-awaited unification of movement, 
force and propulsion in gastrointestinal motility 
studies.

26.2  The Origin of Graphic 
Representation 
in Physiology

Historically the studies of organ structures (anat-
omy) preceded studies of their functions (physiol-
ogy). It can be argued that anatomy developed in 
parallel to the realistic representation of space by 
artists in the Renaissance. In contrast, physiologi-
cal phenomena reflect physical events changing 
over time; this appeared in conjunction with a 
cognitive revolution of ‘visual thinking’, in the 
form of maps, scatter plots and eventually graphic 
traces of physical events [71]. The physiological 
revolution revealed physical phenomena by mak-
ing them visualisable. This led to graphic repre-
sentation of events over time. Perhaps this 
development began in 1665 with the invention of 
the barometer. In 1684, Robert Plot used barom-
eters to display daily changes in barometric pres-
sure in a graph he called a ‘History of the Weather’.

Friendly and Wainer [71] argue that visual 
thinking has had a profound effect on the way we 
approach problems, by revealing elements that 
would otherwise remain invisible. The first field 
of knowledge to be advantaged by graphic repre-
sentation was geographical maps. In the 1620s, 
the Dutch cartographer Michael Florent van 
Langren devised what may be the first statistical 
graph in history. This took place in the ‘Age of 
Discovery’, when Europeans were concerned 
with the measurement of time, distance and loca-
tion [77]. Time-related changes were plotted 
graphically only more recently. For example, 
William Playfair [147] can rightly be called the 
father of modern graphical methods. He described 
historical periods with showing the relative 
strength of each civilisation changing over time. 
Such graphics were called ‘ridgeline’ plots 
because they resembled a set of mountain ridges 
[71]. However, in the fields of experimental sci-
ence, up until the mid-1800s, most temporal find-
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ings were based on verbal descriptions or were 
recorded as tables of values at various time 
points, as in a modern spreadsheet.

26.3  The Kymograph 
and the Birth of Modern 
Physiology

At the beginning of the nineteen century, there 
was an intellectual rebellion against the ‘philoso-
phy of nature’ (Naturphilosophie) which assumed 
a ‘vital force’ to explain biological phenomena 
[13]. This ideological change was paralleled by 
increasing emphasis on objective, measurable 
events that could be shared between observers 
[22, 87, 167].

As far back as 1798, the French had been 
occupied with problems of dynamometry; exam-
ples include the study of human muscular 
strength, the force required to pull carriages and 
other loads, the tensile strength of threads, etc. In 
1828, Didion invented a dynamometer, patterned 
on Prony’s brake dynamometer. This instrument 
made it possible to measure the force exerted by 
a horse in motion. In the early 1830s, Morin 
added a disk or roll of paper which was driven 
either by the movement of the vehicle, or by a 
clockwork mechanism, and thus recorded dis-
tance or time. This paper was written on by a sty-
lus mounted on the dynamometer, which traced 
excursions varying with time or distance. Morin 
is therefore both the immediate progenitor of 
Pouillet in the development of the chronometric 
disk and the great exponent of graphic represen-
tation in physics and industry. Nevertheless, it 
was the work of Pouillet that seems to have been 
the immediate stimulus for the defining work of 
Ludwig [87]. The Italian physicist Matteucci 
reported the generation of an electrical current 
during muscle contraction in a monograph pub-
lished in 1842 [130]. He developed a method of 
graphic recording with a rotating drum, but his 
impact in the history of visualising physiological 
phenomena remains minor [87].

A breakthrough came with Carl Ludwig who 
in 1847 invented the Kymograph, that is, the 
rotating smoked drum ([124]; Fig.  26.1). This 

was the first method to transform visual observa-
tions and numerical measurements into graphical 
records. Kymographic images represent the tem-
poral domain in a single spatial dimension, freez-
ing and storing the event as a continuous trace 
that allows closer, thoughtful examination of the 
‘character and extent’ of the event. Ludwig was 
probably the first influential scientist to clearly 
separate physiology from anatomy [13].

Other physiologists quickly recognised the 
tremendous potential of Ludwig’s method. For 
example, du Bois-Reymond, a close colleague of 
Ludwig, commented that ‘the dependence of the 
effects upon each condition is now presented in 
the form of a curve, whose exact law, to be sure, 
remains unknown, but whose general character 
one will most often be able to trace. It will almost 
always be possible to determine whether the 
function grows or diminishes with the variable 
investigated. In other cases one may be able to 
discover distinctive points of the curves, the sense 
of its bending with respect of the abscissa. 
Whether approaches asymptotically a constant 
value…’ [62]. Volkmann added: ‘After Ludwig 
invented an instrument that permitted one to rep-
resent the variable forces of the heart through 
curves, it immediately suggested making other 
motive forces also visualisable and measur-
able…’ [177].

This new method marked the beginning of 
accurate recording of physiological parameters 
as physical events. It also enabled observations to 
be shared and facilitated quantitative, objective 
analysis of the traces. This approach allowed for 
the visual observation of phenomena occurring 
over time, as geometrical traces, rather than rely-
ing on descriptive observations. In the 1850s, 
Helmholtz was one of the first to recognise the 
importance of this method, when he established 
for the first time the speed of propagation of 
action potentials. He achieved this by recording 
the latency of isolated striated muscle contrac-
tions in response to electrical stimulation [141, 
178, 179]. A few decades later Etienne-Jules 
Marey [128, 129], a medical student in Paris, 
modified a device to record the external blood 
pulses. He continued to develop devices that used 
the ‘graphic method’ or ‘wave writer’ including 
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Fig. 26.1 Diagram of the smoked rotating drum (kymograph) invented by Karl Ludwig to record heart muscle and 
striated muscle contractions. On the right one of the earliest commercial Kymograph machines

cardiograph, polygraph, pneumography, myo-
graph, thermograph, electrometer and plethys-
mograph. He developed the first force transducers 
and a horizontal rotating tambour to study the 
heartbeat and its electrical activity, blood pres-
sure, breathing movements, micturition and sev-
eral types of animal and human locomotion [23, 
128, 129]. Langendorff [112] further developed 
these ideas, formalising the traces recorded by 
kymographs.

The graphic representation of physical events, 
particularly in the discipline of meteorology, 
extended the perception of observers into previ-
ously unobservable phenomena. These included 
thermometry, barometry, hygrometry and the 
measurement of rainfall and wind [23]. In 1869, 
the London physiologist William Rutherford 
championed the pedagogical progress afforded 
by these ‘instruments of precision’, explaining to 
his introductory physiology class that ‘we no lon-

ger estimate the force of the heart’s action by 
merely feeling the pulse, or by observing the dis-
tance to which blood is projected from a divided 
artery [...] movements are recorded on revolving 
cylinders or flat surfaces, so that a tracing, or 
writing, indicating the character and extent of the 
motion, may be preserved’.

Sir Charles Scott Sherrington and Ernest 
Henry Starling developed further versions of the 
smoked drum. William Porter, a physiology 
instructor at Harvard, was the founder of the 
company that manufactures kymograph: 
Harvard Apparatus. Charles Fielding Palmer, an 
English mechanical engineer and bicycle maker 
in 1891 in London, was an independent manu-
facturer of scientific instruments from 1932, 
mostly in the field of physiology including mod-
ern kymographs. Since 1987 the Palmer 
Company has been a subsidiary of Harvard 
Apparatus.
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26.4  First Recording of Intestinal 
Mechanical Events Using 
the Kymograph

Since the mid-1800s mechanical physiological 
events were recorded with kymographs, either 
as changes in length of muscles or as forces 
associated with their contractions. However, in 
the second half of the nineteenth century, the 
movements of the intestine were still being 
described verbally, albeit with great observa-
tional insight [125, 159]. In France, Legros and 
Onimus [115] made the first graphical record-
ings of intestinal motility with a kymograph. A 
fluid-filled balloon was connected to a magnify-
ing tambour, from which a lever wrote on a 
rotating drum, to record intraluminal pressure 
from the rabbit small intestine. These record-
ings showed rhythmic pressure peaks and, in-
parallel, independent respiratory movements 
(Fig.  26.2). The authors commented appropri-
ately that the graphic traces ‘also have the 
advantage of making the results of the observa-
tion indisputable and of putting the sincerity or 
the illusions of the observer out of question’.

After these initial recordings, there was sur-
prising gap before the kymograph was used again 

to measure activity of the digestive tract. In 1883, 
the German physiologist, Karl Hugo Kronecker, 
and his student, Samuel James Meltzer [134], 
used the technique to record swallowing 
 movements. The next important step occurred at 
the turn of the century when Bayliss, a young 
medical student and Starling, his professor of 
physiology [14] developed a recording method to 
measure forces of the longitudinal muscle, called 
the enterography (Fig.  26.3). This method was 
used in the dog small intestine in parallel with an 
inflatable balloon to record intraluminal intesti-
nal pressure, leading to their classic paper 
describing the forces of both longitudinal and 
circle muscle layers simultaneously.

By the beginning of the twentieth century, the 
kymograph had become a critical tool for most of 
studies in gastrointestinal motility. However, its 
graphic measurements were generally limited to 
a single recording point, thus failing to capture 
the spatial extent of motor patterns. It slowly 
became apparent that it is difficult to build a ‘pic-
ture’ of complex movements distributed over a 
length, from a single physiological trace. The 
twentieth century saw the beginning of recording 
from more than one point; the effect of this is dis-
cussed below.

Rubber balloon

Kymograph recording from the rabbitt small intestine
Respiration

Small intestine intraluminal pressure

Fig. 26.2 First recording of intestinal motility with the 
kymograph performed by Legros and Onimus [115]. A 
rubber balloon was inserted into the rabbit small intestine. 

The traces show both the intraluminal pressure (bottom 
trace) and respiration (top trace)
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Fig. 26.3 The enterograph developed by Bayliss and 
Starling [14] to record mechanical forces of the intestinal 
longitudinal muscle. The moving lever c pivoting around 

d acted on a Marey’s tambour, measuring isometric force 
exerted on the longitudinal muscle between b and c

26.5  Isolated Preparations 
of the Intestine

While the main aim of physiological investiga-
tions into gastrointestinal motility has been to 
ascertain the nature of motor patterns in the live 
humans or animals, an important development 
was the study of excised segments of intestine 
kept alive in organ baths. The initial attempt to 
keep organs alive ex vivo was developed by Carl 
Ludwig in the mid-1800s [13]. The first study of 
isolated segments of intestine was by Rudolf 
Magnus in 1904 [126, 127]. However, 
Trendelenburg’s [176] development of a method 
to study isolated intestinal preparations was very 

influential. He set up segments of intestine from 
several experimental animals, in particular of 
guinea pig small intestine, and gradually dis-
tended them to trigger a propulsive wave of cir-
cular muscle contractions starting at its oral end, 
which emptied the content aborally [90, 176]. 
This method became a standard tool to investi-
gate the neural and mechanical events underlying 
intestinal propulsion. Over 200 publications on 
guinea pig peristalsis are based on this method. 
In parallel, small longitudinal strips of guinea pig 
small intestine have been widely used to study 
neuromuscular transmission from enteric motor 
neurons and to test pharmacological agents. 
There have been more than 400 publications 
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since Paton [144] developed this simple method 
to study longitudinal muscle contractions elicited 
by electrical stimulation of enteric nerves.

26.6  X-Rays in Gastroenterology 
at the Turn of the Twentieth 
Century

Another momentous development to view and 
record movements of the digestive tract in vivo 
was driven by a first-year student of medicine at 
Harvard named Walter B.  Cannon. Just a year 
after the discovery of X-rays by Roentgen in 
December 1895, Cannon and a fellow student 
Albert Moser used them to study the movements 
of the digestive tract. He started by giving ‘a frog 
a gelatin capsule filled with this bismuth salt, and 
after seeing clearly the shadow of the substance 
in the frog’s stomach, repeated, the next day the 
use of the salt in a capsule to show deglutition in 
the dog’. Then he tested the radio opaque medium 
in a goose to visualise oesophageal peristalsis. 
They communicated their findings to ‘the meet-
ing of the American Physiological Society in 
Boston, Dec. 29, 1896, the phenomena of degluti-
tion as exhibited by the goose when swallowing 
capsules containing bismuth subnitrate was 
informally demonstrated to the members by 
means of the Roentgen rays. This was, I think, the 
first public demonstration of movements of the 
alimentary tract by use of the new method’ [34]. 
Cannon and Moser also pioneered the use of 
radio opaque material to study gastrointestinal 
movements in humans. They started with a girl of 
7 and ‘saw clearly bread and milk mush mixed 
with the salt, and also a suspension of the salt in 
water, passing down the esophagus’ [35].

The movements of the cat stomach were ver-
bally described [35] and in addition ‘…outlines 
were made by tracing the form of the stomach on 
tissue-paper laid on the fluorescent screen’. From 
these silhouettes, it was possible to identify the 
sequential progression of muscle contractions 
(Fig. 26.4). In his characteristic humility, Cannon 
in 1914 concluded that ‘… there is little warrant 
for any man to claim for himself or for any other 
the credit of inventing the method now used 

everywhere in Roentgen examinations of the ali-
mentary canal’. The advantages of this new 
method of visualising movements of the diges-
tive tract were significant [20] and despite diffi-
culty quantifying geometrical outlines of the 
digestive tube allowed Cannon in his monograph 
of 1911 [33] to describe in detail the major motor 
patterns of the digestive tract based on X-rays.

Fig. 26.4 Sequential outlines of the stomach of a dog 
filled with barium and visualised by X-rays by Cannon in 
1898, revealing indentations of the antral muscle resulting 
in antral peristaltic movements
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In the late 1800s, the advent of permanent 
recording of gut motility with photography, chro-
nophotography, cinematography and cineradiog-
raphy established the complexity of intestinal 
motor behaviour. However, these observations 
could not be readily quantified. X-rays were also 
used to produce what was called X-ray kymo-
graph. This method was first applied by a Polish 
physiologist, Sabat, in 1911. An image of a mov-
ing object formed by emitted radiation passes 
through a narrow transparent slit in a radiopaque 
screen. Underneath the slit, a surface sensitive to 
the radiation is moved, or in some cases, the slit- 
bearing screen is moved over the sensitive sur-
face. The resulting image (the kymograph) shows 
a wave form of the changes in the dimensions of 
the silhouette. By 1928, Stumpf developed the 
multi-slit method, which allowed beams of 
X-rays to pass through several parallel slits in a 
lead grating, forming an image of the organ on 
the sensitive film. This was used to generate a 
graphic outline of the organ over time. The 
method was first used to study movements of the 
heart and lung (quoted in [149]). As far as we 
know, the only work using this method in the 
digestive tract is a paper by Popov [148] who 
studied movements of stomach and rectum of the 
rabbit.

Early radiological observations of the human 
colon showed that faeces were infrequently pro-
pelled towards the anus by contractions, which 
became known as mass movements [10, 36, 83, 
91]. The infrequency of spontaneous mass move-
ments and increasing knowledge of the dangers 
of radiation (e.g. [131]) meant that these detailed 
studies have never been repeated. As an alterna-
tive, time-lapse cinefluorography was developed, 
with single images being taken at >1 min inter-
vals [153, 154]. While this provided clear images 
of the gut, the long intervals between images 
meant that significant components of the motility 
events were missed. In addition, standard radio-
logical contrast media were later shown to affect 
the speed of transit [3]. X-ray studies have been 
used in animals in vivo, and because prolonged 
X-ray exposure is feasible, these studies have 
provided a wealth of information. Tasaka and 
Farrar [174] used tantalum markers over opposite 

sites on the gut and plotted graphically the dis-
tances both in the circumferential and longitudi-
nal directions. More recently in the early 2000s, 
two papers were published, detailing the relation-
ships between flow recorded by x-ray and muscle 
contractions recorded by serosal strain gauges in 
pigs [85] and sheep [15].

26.7  Direct Visual Recording 
In Vivo

Zondek [188] studied colonic motility visually 
after implanting a transparent celluloid window 
in the abdominal wall of rabbits. A few years 
later, Fleisch and Wyss [69] filmed intestinal 
movements in the open abdomen of anaesthetised 
guinea pigs and responses to pinching. From 
black marks distributed along the intestine, they 
manually plotted the shortening of the longitudi-
nal muscle between each mark, creating the first 
graphic representation of the movements of intes-
tinal longitudinal muscle. Subsequently, 
Hukuhara adapted Zondek’s [188] method to 
make movies of the guinea pig and rabbit intes-
tine through a celluloid window, thus revealing 
sequential segmental movements ([92]; 
Fig.  26.5). As found by Cannon, the sequential 
progression of contractions could be identified, 
but the images were very difficult to quantify.

26.8  Spatiotemporal Maps 
of Changes in Diameter 
(DMaps) and Length 
from Videos

A next step in the development of graphical spa-
tiotemporal mapping of motor patterns traced 
time-lapse silhouettes extracted from video 
images of intestinal movements [182]. This study 
identified some underlying neural mechanisms of 
peristalsis, but the manual analysis was exces-
sively time-consuming and poorly quantifiable. 
In the late 1990s, three laboratories indepen-
dently developed comparable methods to graphi-
cally record the changes in diameter or wall 
density along segments of intestine over time. 
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Fig. 26.5 Top: Sequence of cinema frames taken through 
a transparent window inserted in the abdominal wall of a 
guinea pig; bottom manually drawn outlines of the small 

intestine showing travelling of circular muscle contrac-
tions. (From [92])

Isolated specimens of gut were video recorded in 
an organ bath and processed to convert each 
frame to a spatiotemporal diameter map (DMaps). 
These maps represented all gut moments over a 
given period of time [16, 17, 80]. A sequence of 
photographs of isolated segments of opossum 
duodenum, with surface markers, enabled quanti-
tation of longitudinal motions [132].

In the laboratory of Marcello Costa at Flinders 
University, Grant Hennig developed software to 
construct DMaps, with several substantial 
updates after he moved to the United States. At 
Flinders, Lukasz Wiklendt later developed real- 
time DMaps, allowing motility patterns to be 
observed during experimental investigation. 

Other groups around the world also developed 
versions of this software; John Furness in 
Melbourne [68] and Joel Bornstein also in 
Melbourne [171] and Roger Lentle in New 
Zealand [97, 117] developed similar methods to 
construct DMaps. Commercial software (gastro-
intestinal motility monitor (GIM)) and hardware 
were developed by Catamount, in Vermont, USA 
[88], and a model for interpreting DMaps was 
developed by Lammers and Cheng [105].

Spatiotemporal maps allowed investigators to 
calculate contraction frequency, origin, speed, 
and direction of propagation, allowing for the 
first detailed quantification of gut motility pat-
terns. The technique is now used by researchers 
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around the world to describe gastrointestinal 
motor patterns in a variety of different regions of 
gut in several species, ex vivo and in vivo. These 
include the guinea stomach [19], rat stomach 
[119], guinea pig, mouse and rat small intestine 
[1, 75, 76, 80, 120, 155, 156], guinea pig colon 
[51, 100, 135], rabbit colon [58, 118] and mouse 
colon [135, 155, 156] and chicken large intestine 
[98]. DMaps have been used to directly compare 
gut motility of different species including rabbit, 
guinea pig, rat and mouse [43, 44]. The method 
has also been used to study fish intestinal motility 
[152]. These studies indicate that DMaps have 
now become an accepted scientific methodology 
to clearly and robustly identify and quantify 
intestinal movements in isolated segments of 
intestine.

26.9  Spatiotemporal Maps 
of Diameters In Vivo: 
The Challenges

26.9.1  Videos

Only few attempts have been made to construct 
DMaps in exteriorised segments of gut; this has 
been carried out in small intestine of anaesthe-
tised rat [21, 68] In anaesthetised mouse Hennig 
et  al. [82] constructed spatiotemporal maps of 
changes in diameter and longitudinal muscle 
lengths in exteriorised loops of ileum and related 
them to calcium imaging.

26.9.2  Fluoroscopy

DMaps of mouse and rat small intestine were 
successfully recorded from fluoroscopy [18, 
53]. Wang et  al. [180] used videofluoroscopy 
and extracted DMaps to visualise myogenic 
motor patterns across the pyloric junction in 
rats and mice in vivo. More recently, spatiotem-
poral maps constructed from fluoroscopy have 
been used to investigate intestinal motility in 
conscious rats [123, 150]. In humans, short 

bouts of fluoroscopy recorded oesophageal 
motility during swallowing of a radiopaque 
bolus and were used to construct spatiotempo-
ral maps [116].

26.9.3  Ultrasonography: 
Photoacoustic Imaging (PA)

Non-invasive anatomical and functional ultraso-
nography also called photoacoustic imaging is a 
recent addition to record intestinal motility [54, 
56]. Imaging of the intestine is based on 20 μm 
micelles labelled with naphthalocyanine dyes 
(‘nanoaps’), a non-ionizing marker with deep 
penetration [186]. While motility patterns have 
been reported, the technique requires consider-
able specialised training and has not been widely 
taken up yet.

A more sophisticated albeit complex method 
to extract the outlines of the gut in  vivo is the 
method of Trans-illumination Intestine Projection 
(TIP) imaging. It has been used for intestinal 2D 
imaging of free-moving mice and 3D imaging of 
anesthetised mice [181, 187]. Time will tell if 
such methods will be used widely.

26.9.4  Magnetic Resonance 
Imaging (MRI)

Dynamic MRI has been used to record changes in 
the outline of the gastrointestinal tract [54]. Using 
the balanced steady-state free precession (bSSFP) 
gradient echo sequence, Cine MRI was devel-
oped in the cardiac field but has also been used to 
study the gut [86]. An excellent use of MRI to 
construct diameter maps of stomach was pro-
vided by Menys et al. [133]. Small bowel motil-
ity was successfully recorded using single slice 
cine MRI [101]. In clinical practice, defecogra-
phy (evacuation proctography) can be conducted 
with fluoroscopy or MRI and is used to diagnose 
defecatory and pelvic floor dysfunction [102]. 
MRI has also been used to record intestinal motil-
ity in small laboratory animals [2].
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26.10  Spatiotemporal Maps 
of Changes in Forces  
(PMaps)

26.10.1  Myoelectrical Activity 
and Its Mechanical 
Equivalence

By mid-way through the twentieth century, 
studies were under way to establish the relation-
ship between electrical activity and contractions 
of the intestine [4, 25, 26, 32, 52]. Unlike ex vivo 
recordings, recording electrical activity was 
easier than recording mechanical activity 
in vivo. With advances in technology, it became 
possible to record electrical activity from mul-
tiple closely spaced electrodes. This increas-
ingly revealed the spatiotemporal complexity of 
motor patterns, including the interdigestive 
myoelectric migrating motor complex in the 
small intestine of many species [40, 63, 74, 172]. 
Not surprisingly, propagating electrical activity, 
in particular spikes that generate contractions, 
correlated positively with flow of contents [31].

High spatiotemporal resolution recording of 
slow waves and their association to spike activ-
ity of the intestine was achieved by Lammers 
and collaborators. They used multi-electrode 
plates applied to the serosal surface of the 
intestine ex vivo and in exposed loops of intes-
tine under anaesthesia. These recordings gen-
erated ‘activation maps’ which displayed the 
origin and spread of slow waves ([106, 139]; 
Fig. 26.6). This method has been used to map 
similar electrical events in a variety of animal 
models including mouse, rat, rabbit and cat 
[106–108, 110, 111]. Multisite electromyogra-
phy has distinguished the ‘ripples’ generated 
by myogenic slow waves, from neurally medi-
ated peristaltic contractions [109]. A group in 
New Zealand has further developed multi-elec-
trode plates, with highly flexible sheets that 
can be placed directly upon an organ [138]. 
With this technique the group recorded slow 
wave activity directly from the stomach of 
anaesthetised human patients during surgical 
procedures [138].

26.10.2  Calcium Waves in Smooth 
Muscle and Pacemaker Cells

Recording electrical firing activity from the intes-
tinal muscle generally reflects the contractility of 
the muscle. Smooth muscle action potentials and 
pacemaker cell currents feature calcium ion flux 
across their cell membranes and from intracellu-
lar stores. Accordingly, transient changes in 
intracellular calcium are also used as a proxy for 
muscle contractility [173]. Indeed, calcium activ-
ity has been used to describe the spatiotemporal 
features of contractility in mouse and guinea pig 
intestine [81, 82, 170]. Spatiotemporal maps 
based on calcium imaging were used to visualise 
patterns of activity of the pacemaker cells in iso-
lated segments of mouse small intestine [143].

26.10.3  Recording Forces 
of Contractions

26.10.3.1  Intraluminal Balloons
Since the first recordings of intraluminal pressure 
by Legros and Onimus [115], Luderitz and Hess 
(see [159]), Bayliss and Starling [14] and Langley 
and Magnus [113], balloons have been exten-
sively used to apply local distension, to record 
polarised responses, to measure intraluminal 
pressure and to observe their propulsion. Studies 
using fluid or air-filled balloons to record pres-
sure have typically been limited to one or two 
locations and, therefore, detailed spatiotemporal 
maps of intestinal motor patterns have not been 
constructed. Sets of tandem balloons (six bal-
loons) were used in dog colon to generate a spa-
tiotemporal graphic representations of motor 
patterns plotted as active and quiescent periods 
[24]. This method allowed the effect of enemas 
on colonic activity to be assessed.

26.10.3.2  Force Transducers
Costa and Furness applied two clips connected to 
force transducers to an isolated guinea pig colon 
to record the isometric contractions of the circu-
lar muscle during propulsion of artificial pellets 
[42]. Since then, multiple force transducers have 
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Fig. 26.6 Spatiotemporal activation map of slow wave isochrones in the dog small intestine recorded with a 
340- electrode array showing changing patterns of propagation with prevalent directions. (From [111])

been applied to the mouse colon to reveal motor 
complexes [168, 169]. As for balloons, spatio-
temporal maps cannot be constructed from this 
method of recording. In contrast, high-resolution 
fibre optic manometry catheters have multiple 
recording sensors which can be used as simple 
force transducers to generate a spatiotemporal 
maps. These have, for example, revealed neurally 
mediated clustered contractions in isolated 
ex vivo segments of human ileum [104].

26.10.3.3  Strain Gauges
Mechanical activity of the muscle of the intestine 
has also been recorded by using strain gauges 
attached to the serosal surface at multiple sites. 
Mostly used in dogs, this approach generated the 
first spatiotemporal maps of muscle force associ-
ated with motor patterns ([11, 95, 96, 151, 157, 
165, 185]; Bass et  al. [11]; also see studies by 
[15, 85] in section 5).

26.10.3.4  Multiple Manometry: 
The Birth of PMaps

Since the early use of one or two intraluminal 
balloons to record intraluminal pressure or forces, 
improvements in catheters have enabled intralu-
minal pressures to be recorded at multiple sites. 
Tasaka and Farrar [175] in fasted dogs developed 
spatiotemporal representations of intraluminal 

pressure, recorded at several points as propagated 
and simultaneous pressure waves.

Bassotti and Gaburri [12] used a commer-
cially available eight-lumen PVC manometric 
catheter with an external diameter of 4.5  mm 
and an internal diameter of 0.8  mm for each 
lumen. The lumens terminated distally with side 
openings spaced 12  cm apart. More advanced 
intestinal manometry was developed by John 
Dent, based on perfused tubes with endings only 
3  cm apart (Dentsleeve). Spatiotemporal pres-
sure maps were constructed to visualise both 
oesophageal peristalsis [38] and antro-pyloro-
duodenal propagating pressure waves ([5]; 
Fig. 26.7). With a 16-channel catheter, featuring 
side holes at 3 cm intervals, more accurate spa-
tiotemporal depiction of propagating pressure 
peaks could be achieved. With similar methods, 
the spatiotemporal features of interdigestive 
myoelectric motor complexes were analysed 
[37]. Prolonged, multipoint perfusion manome-
try (with up to 17 sensors) of the ileocecal junc-
tion and unprepared colon provided improved 
spatial resolution of colonic motor patterns and 
better descriptions of colonic motility patterns 
[9, 55].

A comparison between water-perfused 
manometry catheters and solid-state catheters 
suggested that the latter better represent intralu-
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Fig. 26.7 Array of multiple intraluminal pressure with 
sensors in a human subject to record intraluminal pres-
sures from the antro-pyloro-duodenal region. Right: traces 

of intraluminal pressures arranged to show the spatiotem-
poral organisation of propagating contractions. (From [5])

minal pressures [122]. However, early manom-
etry probes based on perfused tubes or 
solid-state transducers often had distances 
between sensors of many centimetre, limiting 
their spatial resolution.

The advent of high-resolution fibre-optic 
manometry marked a substantial improvement 
in spatial discrimination because sensors were 
located 10 mm apart. In the human colon, up 
to 70 sensors could be used [6, 7, 54, 59], pro-

viding high-resolution motility recordings. 
High- resolution intraluminal pressure record-
ing led to the identification of cyclic motor 
patterns as the most abundant physiological 
colonic motor patterns in humans (PMaps) 
([60, 61]; Fig. 26.8). Using a miniature fibre-
optic catheter enabled the extent of motor 
complexes to be recorded in high resolution 
along the entire small and large intestine of the 
mouse, in  vitro. This revealed the functional 
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Fig. 26.8 Manometric recording from a healthy human 
colon. The X-ray image shows the positioning of the 
manometry catheter with the tip located in at the hepatic 
flexure. A section of the manometric recording is shown 
to the right of the X-ray. (a) shows the pressure recording 
from every tenth sensor effectively displaying data as it 
would be seen in a ‘low-resolution’ recording. Each sen-
sor is associated with a coloured circle, and each circle 
corresponds to the location of that senor in the X-ray 

image. (b) shows the ‘high-resolution’ image of the same 
data displayed in (a); here the recording shows pressure 
data recorded from all 72 sensors spaced at 1 cm intervals. 
Unlike the image in (a), propagating contractions, their 
speed, direction and extent of propagation can all be seen 
in the high-resolution recording. (c) A spatiotemporal 
colour map of the intraluminal pressures (PMap) shown in 
(b). The motor patterns in (c) are readily recognizable and 
quantifiable

continuity of the underlying enteric circuits 
along the entire intestine, from the pylorus to 
the rectum [47–49].

26.11  Examples of Kinetic 
and Kinematic Recordings 
Combined

26.11.1  Earlier Combinations 
of Recording Methods

The process of combining kinetics and kinematics 
has been gradual in both in vivo and ex vivo experi-
ments. By combining ultrasonography and water-

perfused manometry and assuming that the 
oesophageal muscle itself is incompressible, the 
changes in dimensions of the muscle layers of the 
oesophageal wall could be ascertained. Thus, 
cross-sectional area of the muscle layer(s) could be 
related quantitatively to local shortening (or length-
ening) of the same muscle layer(s) inferred from 
displacement between two clips [136]. The rela-
tionships between gastric wall motion and intralu-
minal pressure are believed to be major determinants 
of flow within the stomach and through the pylo-
rus. Gastric antral wall motion and intraluminal 
pressures were monitored in five healthy subjects 
by concurrent antropyloroduodenal manometry 
and transabdominal ultrasound [93].
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Schulze-Delrieu [162] studied how visual 
parameters change over the course of individual 
contractions in the isolated guinea pig ileum and 
how they relate to simultaneous recordings of 
luminal pressure and outflow. Simultaneous 
‘cineradiogram and kymogram’ recordings of the 
stomach allowed the changes in shape to be cor-
related to intragastric pressure during antral peri-
stalsis [167]. Combination of cinefluorographic, 
myoelectric and pressure recordings gave more 
accurate description of the mechanical events 
during interdigestive myoelectric motor com-
plexes [41].

A few investigations using X-rays in humans 
occurred after 1960, including a correlation of 
X-ray imaging with manometry [70]. Oigaard 
and Dorph [140] measured spike potential fre-
quency in combination with frequency, duration 
and amplitude of pressure waves and related 
these events to visible motor activity by synchro-
nised cinefluorography. Ehrlein developed a 
powerful combination of cineradiography or 
cinefluoroscopy, with localised mechanical 
recordings [64, 65]. He and his colleagues applied 
this approach to describe in considerable detail 
the movements of the small and large intestine in 
several animal species. Colonic motility was also 
measured in unanaesthetised rabbits using strain- 
gauge transducers with simultaneous radiogra-
phy. Representative still images of characteristic 
motor patterns were prepared manually, derived 
either from photographs or from video record-
ings [66]. Using closely spaced serosal strain 
gauge transducers and simultaneous fluoroscopy 
in dog small intestine, Schemann and Ehrlein 
[158] and Ehrlein et  al. [67] demonstrated the 
spatial and temporal relationships of intestinal 
contractions responsible for the transport of 
luminal contents; stationary contractions under-
lay mixing activity while propagated contrac-
tions were associated with aboral transport. 
These studies provided major new insights.

Common cavity antroduodenal pressure dif-
ference (‘pressure pump’) was compared with 
propagating high-pressure waves in the human 
distal antrum (‘peristaltic pump’) by high- 
resolution manometry. This was recorded con-

currently with time-resolved three-dimensional 
magnetic resonance imaging during intraduode-
nal nutrient infusion. Spatiotemporal maps of 
changes in internal diameter were correlated with 
pressure maps [94]. A catheter assembly includ-
ing a pH electrode, pressure transducers and an 
ultrasound transducer was used to record events 
across the lower oesophageal sphincter. This 
showed that sustained oesophageal contractions 
during heartburn episodes were associated with 
acid reflux [145]. Imaging outlines of the gut 
wall were combined with electrical recordings in 
mouse-isolated intestine to show that distension 
elicited propagating slow waves with superim-
posed spikes rather that peristaltic contractions 
[163].

These studies provided detailed descriptions of 
the different patterns of motor activity which are 
incrementally refined with the ongoing develop-
ment of combined recording methodologies.

26.11.2  Full Combination 
of Kinematics and Kinetics: 
DPMaps

Paradoxically, the classic monograph of Cannon 
entitled the mechanical factors of digestion [33] 
contains little quantitation of mechanics of 
either kinematics or kinetics. Weems outlined 
clearly the principles behind an appropriate 
mechanical physics of the intestine [184], stat-
ing that ‘when only kinematics information is 
available, it is impossible to predict how cer-
tain previously unobserved changes in the envi-
ronment surrounding the moving object will 
affect the motion’. Conversely, ‘the central 
problem of classic mechanics is to determine 
what will be the subsequent motion of an object 
having known characteristics after the object is 
placed in an environment that is completely 
described’.

The length-tension and force-velocity rela-
tionship of smooth muscles are in principle simi-
lar to those extensively studied in striated 
muscles. A good start was the study of the length- 
tension and force-velocity relationship of the rab-
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bit taenia coli by Gordon and Siegman [72]. The 
latter relationship followed Hill [84] relating the 
constant load, P, and under that load the speed of 
contraction, V, of a muscle in a tetanised state, 
with the equation

 
P a V b a b�� � �� � � �� �Pmax .

 

where constants a, b and Pmax were calculated 
experimentally.

The advent of high-resolution fibre-optic 
manometry made it feasible for the first time to 
compare PMaps with DMaps in isolated seg-
ments of rabbit small intestine, using video 
analysis in combination with high-resolution 
manometry [57]. Compliance is a measure of 
the change in cross-sectional area of the intes-
tine (kinematics) with respect to change in inter-
nal pressure (kinetics) [73]. Changes in 
compliance reflect the effects of the neural and 
myogenic activity that generate motor behav-
iour. Temporally correlating PMaps and DMaps 
generated spatiotemporal maps that revealed 
both active and passive excitatory and inhibitory 
mechanical states of the muscle along an iso-
lated segment of intestine [43, 44].

The application of DPMaps in isolated prep-
arations of intestine in experimental animals 
gave an experimental demonstration of the idea 
of Bayliss and Starling [14] that propulsion of a 
bolus is due to sequential activation of enteric 
polarised neural pathways [60, 61]. Excitatory 
and inhibitory active states of the intestinal 
muscle during bolus propulsion were extracted 
using DPMaps and confirmed that the bolus is 
propelled by an active muscle contraction orally 
and preceded by an active muscle relaxation. 
These changes in muscle state are dynamically 
activated in a self-sustained neuromechanical 
loop [60, 61]. Later, it was shown that luminal 
impedance reflects internal diameter when the 
content is conductively homogeneous [43, 44]. 
This enabled the combination of pressure and 
diameter spatiotemporal maps to be extended to 
studies in conscious human subjects both for 
oesophageal [39, 142] and colonic motility [78]. 
The addition of electrical recording of muscle 
activity is giving further insights into the nature 
of propulsive and non-propulsive colonic motor 

patterns in both guinea pig and mouse colon 
([46, 48, 50], Fig. 26.9).

26.11.3  Combining Kinetics, 
Kinematics Forces and Flow, 
Propulsion and Transit 
Times

A major aim of gastrointestinal motility studies is 
to relate forces, muscle movements and the result-
ing propulsion of intraluminal contents. Early 
studies with this aim recorded the force of circular 
muscle contractions during propulsion of solid 
boluses [14, 42, 113]. However, the nature of the 
content can range from fluid through viscous to 
solid; this has profound effects on propulsion and 
flow [45]. Few studies using spatiotemporal maps 
have directly studied the association of flow of 
contents and intestinal movements. Video, lumi-
nal pressures, volume outflow and wall move-
ments of isolated segments of intestine have been 
recorded during peristaltic contractions in several 
experimental animals. Contractions generated 
characteristic luminal pressure transients that 
peaked as the contraction approached its maxi-
mum (see [159], section 4 and [27, 42, 176]). It 
should be noted that simple measurements of 
transit time over longer segments of the gastroin-
testinal tract in  vivo do not reveal which motor 
patterns are responsible. Propulsion of contents in 
the human colon has been measured with radi-
opaque markers (shapes), radio-telemetric cap-
sules, perspex capsules containing 51Cr, free 
51Cr sodium chromate without radiological con-
trast media [89] or by magnetic pills [29].

Bueno et al. [31] investigated how myoelectri-
cal activity relates to transit time and flow of 
intestinal contents, estimated by appearance of 
phenol red and by dilution of a marker continu-
ously infused. The flow of contents was measured 
directly at a cannula in the proximal part of the 
jejunum and by an electromagnetic flow meter. 
This work established for the first time that most 
of propulsion in the small intestine occurs during 
‘irregular’ activity in phase II of the interdigestive 
myoelectric motor complex. A similar study in 
conscious dogs used electromyography combined 
with recording outflow from intestinal loops 
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Fig. 26.9 Combined DPMap of an isolated segment of 
guinea pig distal colon with spatiotemporal distribution of 
pressures recorded with a fibre-optic catheter (green) over 
a grey scale DMap, during intermittent propulsion of an 

artificial pellet. In addition, two extracellular electrodes 
show bursts of action potentials associated with propul-
sive and non-propulsive motor complexes. (From [48])

[103]. A promising approach involved video 
recording isolated segment of guinea pig small 
intestine with intraluminal ink to identify flow 
[160]. In theory, this method could be combined 
with spatiotemporal mapping methods to estab-
lish the relationship between movements of the 
intestinal wall and movements of the intraluminal 
contents, during different motor patterns. Another 
interesting approach was developed by Seidl et al. 
[164] who used impedance manometry to mea-
sure bolus movement, combined with intralumi-
nal pressure recordings in conscious human 
subjects. Several attempts have been made to 
model intestinal flow during propulsive activity 
[99, 114, 161]. However, the hydrodynamic anal-
ysis is fraught with difficulties [28, 121, 146]. 
One promising but little-explored method uses 
smoothed particle hydrodynamics modelling to 
estimate fluid movements [166]. Advanced mod-
els of the heart, which is a much simpler organ 
than the gastrointestinal tract, have established the 
numerous factors which need to be detailed, 
including the initial and boundary conditions and 

the need to compromise between complexity and 
computability [30, 137].

26.12  Concluding Remarks

This chapter reviews the long history of the stud-
ies that aim to comprehensively describe intesti-
nal movements. The process started with 
improvements in visual representations of 
changes in the shape of the moving intestine 
(kinematics). In parallel, there were advances in 
the visual representation of forces, giving rise to 
a physiology of the gut (kinetics). The stepwise 
combinations of these two approaches eventually 
led to the current digital spatiotemporal graphic 
representation of gastrointestinal motor events. 
Composite spatiotemporal maps, involving mea-
surement of 2 or more variables, can be supple-
mented with electrophysiological and flow 
measurements. These represent a hugely promis-
ing methodological framework to investigate 
both normal and abnormal gastrointestinal motil-
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ity, in vivo and ex vivo, in experimental animals 
and in humans.
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27Rhythmicity in the Enteric Nervous 
System of Mice

Nick J. Spencer and Marcello Costa

Abstract

The enteric nervous system (ENS) is required 
for many cyclical patterns of motor activity 
along different regions of the gastrointestinal 
(GI) tract. What has remained mysterious is 
precisely how many thousands of neurons 
within the ENS are temporally activated to 
generate cyclical neurogenic contractions of 
GI-smooth muscle layers. This has been an 
especially puzzling conundrum, since the 
ENS consists of an extensive network of small 
ganglia, with each ganglion consisting of a 
heterogeneous population of neurons, with 
diverse cell soma morphologies, neurochemi-
cal and biophysical characteristics, and neural 
connectivity. Neuronal imaging studies of the 
mouse large intestine have provided major 
new insights into how the different classes of 
myenteric neurons are activated during cycli-
cal neurogenic motor patterns, such as the 

colonic motor complex (CMC). It has been 
revealed that during CMCs (in the isolated 
mouse whole colon), large populations of 
myenteric neurons, across large spatial fields, 
coordinate their firing, via bursts of fast syn-
aptic inputs at ~2 Hz. This coordinated firing 
of many thousands of myenteric neurons syn-
chronously over many rows of interconnected 
ganglia occurs irrespective of the functional 
class of neuron. Aborally directed propulsion 
of content along the mouse colon is due, in 
large part, to polarity of the enteric circuits 
including the projections of the intrinsic excit-
atory and inhibitory motor neurons but still 
involves the fundamental ~2  Hz rhythmic 
activity of specific classes of enteric neurons. 
What remains to be determined are the mecha-
nisms that initiate and terminate the patterned 
firing of large ensembles of enteric neurons 
during cyclic activity. This remains an excit-
ing challenge for future studies.
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Abbreviations

CGRP calcitonin gene-related peptide
CMC colonic motor complex
CMMC colonic migrating motor complex
TPH1 tryptophan hydroxylase 1
TPH2 tryptophan hydroxylase 2

27.1  Introduction

Unlike skeletal muscle, smooth muscle cells in 
many organs display electrical rhythmicity [29]. 
Examples of rhythmicity in smooth muscle cells 
are found in hollow-walled organs, like arterioles 
[26], veins [49], lymphatic vessels [4], ureters 
[36], and the urethra [44], each of which gener-
ates rhythmic depolarizations and or propagating 
contractions that facilitate the propulsion of fluid 
content. The mechanisms that generate these 
propagating contractions are myogenic in origin 
and do not require activity from nerves. Indeed, 
in most regions of the gastrointestinal (GI) tract, 
the smooth muscles are driven by a net of pace-
maker cells (the ICCs) to generate “myogenic” 
waves of contraction that can also propagate 
short distances along the gastrointestinal tract 
[17, 32].

Unlike other hollow smooth muscle organs, 
the GI tract is the only internal organ to have 
evolved with its own independent nervous sys-
tem, known as the enteric nervous system (ENS) 
[16, 21, 52]. A unique feature of the ENS is that 
it does not require any inputs from the spinal cord 
or brain to generate complex patterns of motor 
activity [16, 21, 22, 31, 48, 52, 62, 63]. The 
myenteric plexus consists of the major popula-
tions of motor neurons (both excitatory and 
inhibitory motor neurons) to the smooth muscle 
cells, in addition to multiple classes of ascending 
and descending interneurons [9, 23]. A unique 
feature of the ENS is that it also contains its own 
population of sensory neurons, also called intrin-
sic primary afferent neurons (IPANs), that are 
distinct and independent from sensory neurons 
outside the gut wall in the nodose, trigeminal or 
dorsal root ganglia [21, 22, 35, 52, 56]. The 
importance of the ENS for coordinated propul-

sion of content along the intestine is exemplified 
in mammals that lack large segments of ENS, 
such as those with the congenital condition, 
known as Hirschsprung’s disease. Mammals with 
long segment aganglionosis often cannot survive 
without surgical resection of the aganglionic seg-
ment [42, 52, 61, 64, 65].

A large part of the neurochemical coding of 
the different classes of neurons in the ENS has 
now been established, including the pathways, 
projections, and synaptic inputs to distinct classes 
of enteric neurons [9, 21, 24, 31, 39, 40, 52, 62]. 
One of the most challenging questions that has 
eluded the field is how are the different classes of 
neurons that are located in the small independent 
ganglia of the ENS network temporally activated 
to generate the complex neurogenic motor pat-
terns along the GI-tract. The mouse has become 
an excellent model to understand the neuronal 
basis of intestinal motor activity [47]. The funda-
mental focus of this review is to relate a funda-
mental rhythmic activity of enteric neurons 
recently revealed, with the different motor pat-
terns of the mouse colon.

27.2  Motor Patterns in Mouse 
Colon

Maintained distension applied over the full length 
of mouse colon (without any propulsion of lumi-
nal content) generates a neurogenic motor pattern 
consisting of cyclic motor complexes, occurring 
with intervals of about every 1–3 minutes [1, 47, 
58]. These motor complexes often tend to propa-
gate slowly and thus have been initially described 
as colonic migrating motor complexes (CMMCs) 
[6, 7, 46], since they can propagate retrogradely 
or antegradely, or occur simultaneously over the 
full length of colon, a preferred name that has 
emerged as colonic motor complexes (CMCs) 
[8]. Similar motor complexes have also been 
recorded in the mouse small intestine [6] (and 
when the entire intact mouse intestine is dis-
tended by a mini fiber-optic manometry catheter), 
and motor complexes often propagate along the 
entire intestine across the small and large intes-
tine [12]. These motor complexes are blocked by 
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tetrodotoxin or hexamethonium, indicating that 
they involve interconnected enteric circuits by 
chains of cholinergic interneurons [12].

27.3  Sensitivity to Distension 
of CMCs

Major insights have been made into understand-
ing the stimuli that modify CMC frequency in 
mouse colon [1, 12]. Originally, it was thought 
that CMCs in mice were an omnipresent phe-
nomenon that occurred independently of the 
presence or absence of content in the colon, or 
the level of distension applied to the colonic wall 
[20]. However, more recent studies have revealed 
that in empty segments of colon that are not in 
any way stimulated by the recording apparatus, 
CMCs occur rarely, or infrequently, with incom-
plete propagations along the colon [1]. In these 
same preparations, when maintained circumfer-
ential stretch is applied to the colon wall, CMCs 
occur significantly more frequently and propa-
gate over much longer lengths of colon [1]. 
Dramatically, CMCs have been shown to extend 
across the small and large intestine [12]. The 
degree of activation of intrinsic sensory neurons 
(IPANs) and the circuitry underlying CMCs is 
very much dependent upon the level of stretch 
applied to the colon. The presence of the submu-
cosal plexus or the mucosa was not required for 
the stretch-sensitive neural circuitry to activate 
CMCs [66].

27.4  Potential Role 
of Endogenous 5HT 
from the Mucosa in Cyclical 
Neurogenic Motor Patterns

The identity of the pattern generator that under-
lies the cyclical generation of neurogenic motor 
patterns in the GI tract has remained mysterious. 
Different hypotheses have been proposed. One 
early theory was that serotonin played a major 
role, since antagonists of 5-HT3 receptors abol-
ished CMCs [27]. Then, this hypothesis was 
developed further—as it was proposed the release 

of serotonin from enterochromaffin (EC) cells, 
the mucosa was critical for generation of cyclical 
CMCs, in the mouse colon [27], despite no 
recordings of serotonin release being made. This 
seemed an exciting and tenable possibility, at the 
time. However, support for this notion rapidly 
lost traction, when it was discovered that CMCs 
still occurred when the mucosa was removed 
from the colon and in preparations in which all 
endogenous release of 5-HT from the mucosa 
had been abolished [33]. Furthermore, CMCs 
also still robustly occurred in mutant mice lack-
ing the enzyme to make mucosal 5-HT [28]. It is 
now accepted that endogenous 5-HT from the 
mucosa or from the ~1% of enteric neurons that 
express TPH2 is not required for the cyclical gen-
esis of CMC motor activity [34]. However, it 
appears that endogenous 5-HT may modulate 
CMC characteristics [54], since most recent stud-
ies have acutely ablated the TPH1 gene, using 
diphtheria toxin-Cre, and found slight modifica-
tions to CMC activity [60].

27.5  Coordinated Rhythmic Firing 
of Myenteric Neurons During 
CMCs Revealed by Neuronal 
Imaging of the ENS

Neuronal imaging studies have provided major 
advances into how the ENS generates cyclical 
neurogenic contractions along the colon using 
neuronal imaging of the different classes of neu-
rons in the ENS (Fig. 27.1). These studies from 
large populations of myenteric neurons during 
cyclical neurogenic motor activity in the mouse 
colon have revealed that large populations of 
neurons fire in coordinated bursts at 2  Hz 
(Fig.  27.1). When studies were undertaken to 
identify the neurochemical coding of these neu-
rons (Fig. 27.2), it was discovered that both cho-
linergic and nitrergic neurons all discharged at 
~2  Hz. It was particularly interesting that the 
putative intrinsic sensory neurons that expressed 
CGRP also fired at ~2 Hz, during the emergence 
of coordinated ENS firing (Fig. 27.3). When the 
ENS fired in coordinated bursts at ~2 Hz, these 
were associated with the generation of EJPs in 
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Fig. 27.1 Calcium imaging of the myenteric plexus dur-
ing a CMC in isolated whole mouse colon. The recording 

shows coordinated neuronal firing across multiple 
classes of myenteric neurons in isolated mouse colon. 
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Fig. 27.1 (continued) (a) Camera image taken of a num-
ber of myenteric ganglia in paralyzed isolated whole 
mouse colon, in nifedipine. (b) Despite nifedipine, there 
is some muscle movement during a colonic motor com-
plex, which can be detected using our spatiotemporal 
D-mapping. The underlying residual muscle contractions 
that occur in nifedipine are associated with a discharge of 
coordinated firing of large populations of myenteric 
neurons that lasts for about 1 minute. (c) It shows that 

from multiple regions of interest including internodal 
strands (see regions of interest 1–8), large cell bodies 
(9–14), intermediate and small cell bodies (15–21), 
myenteric varicosities (22–27), and motor axons 
(fibers) in the circular muscle, there is coordinated dis-
charge of calcium transients in all regions of interest. As 
the circular muscle (30–31) is paralyzed with nifedipine, 
so does not show action potential driven calcium 
transients

Fig. 27.2 Technique to identify the neurochemical cod-
ing of myenteric neurons in mouse colon from which cal-
cium imaging was performed in control C57BL/6 mice. 
(a) Camera image showing a variety of different sized 
myenteric neurons (of unknown neurochemical coding), 

labeled as regions of interest from 1 to 9. (b) After imag-
ing, the tissue is fixed and stained for neuronal nitric oxide 
synthase (NOS) in green and the largely excitatory neuro-
nal marker calbindin (in red)

the smooth muscle at a similar frequency of 
~2 Hz (Fig. 27.4) [51]. This was a major impor-
tant advance, because it meant that the discharge 
pattern of EJPs in the smooth muscle provides a 
“readout” of the firing rate of ENS activity [51]. 
When atropine blocked the EJPs, IJPs still 
occurred at a similar rate indicating that the same 
premotor ENS circuit drives in parallel both the 
excitatory and the inhibitory neurons [50]. This 
recent work has uncovered that large assemblies 
of ascending and descending interneurons fire in 
a coordinated and repetitive fashion at ~2 Hz to 

drive large populations of excitatory and inhibi-
tory motor neurons at ~2 Hz that lie both orally 
and aborally to the neurogenic contraction of the 
MCs [51]. This is based on our understanding 
that individual motor neurons have short projec-
tions less than 3 mm long and thus must be driven 
by ascending and descending interneuron cir-
cuits, which have projections up to 13 mm [50]. 
Exactly how the interneuronal circuits fire in a 
repetitive fashion is unclear, but it is apparent that 
they are interconnected to entrain bursting behav-
ior at approximately 1–2 Hz. Estimates suggest 
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Fig. 27.3 Calcium imaging during a colonic motor com-
plex in isolated whole mouse colon. (a) Left-hand panel 
shows the camera image of myenteric plexus with multi-
ple regions of interest shown. The right-hand panel shows 
immunohistochemistry of neuronal nitric oxide synthase 
(nNOS) labeling in green and CGRP (red). One CGRP 
immunoreactive neuron is shown (region 1). (b) During a 
CMC, there is a coordinated discharge of neuronal firing 
of nNOS+ neurons (see regions of interest 2–10), 

unknown neurons (11–26), and internodal strands (27–
30). Interestingly, region of interest (1) the CGRP+ve neu-
ron shows calcium transients at the same time as the other 
regions of interest. This suggests that the Dogiel type II 
(intrinsic sensory neurons) receive fast synaptic inputs 
during CMCs at ~2  Hz, that is, at the same time as all 
other different neurochemically defined myenteric 
neurons

there are approximately 30,000 myenteric neu-
rons in in the mouse colon of which approxi-
mately 8000 are inhibitory neurons and a 
comparable number are excitatory motor neurons 
[45]. The observation that during constant disten-

sion along the whole length of colon (Fig. 27.4) 
cholinergic motor neurons can temporally syn-
chronize their firing at ~2  Hz across the full 
length of colon shows that large assemblies of 
interneurons from the proximal to mid-distal 
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Fig. 27.4 Maintained luminal distension of mouse iso-
lated whole colon induces cyclical colonic motor com-
plexes (CMCs). (a) Photomicrograph of the whole mouse 
colon with a metal rod implanted in the lumen to impose 
luminal distension. Two extracellular recording electrodes 
are positioned on the serosal surface to record electrical 
activities from the muscularis externa. (b) In the presence 
of nicardipine (1  μM), two distinct bursts of electrical 
activity are recorded that occur at both proximal and distal 
colon. The region shown in the dotted line is shown in 

expanded scale in panel c. (c) The ~2  Hz discharge of 
EJPs in both extracellular recording electrodes. The 
period shown by the black dotted line is shown in 
expanded scale in d. (d) The two traces in C superim-
posed. (e) The region indicated by the black dotted line in 
panel d on expanded time scale. The ~2 Hz discharge of 
EJPs can be seen to temporally synchronize during the 
middle of the recording, but is phase shifted by about 
20 ms at the start of the recording
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region of colon can temporally synchronize their 
firing to generate EJPs over the near full length of 
colon. These recent findings uncover a funda-
mental circuity in the ENS, which when activated 
by a variety of stimuli and independent of the 
mechanical states of the musculature (i.e., para-
lyzed or not) triggers a hardwired neural net that 
discharges for approximately 30  seconds at 
~2 Hz. These studies have revealed a unique fun-
damental rhythmicity of firing of enteric circuits 
in the mouse colon which occurs even when there 
is no movement of contents, or in paralyzed 
smooth muscle.

27.6  Distinct Physiological Motor 
Patterns in the Mouse Colon

In recent investigations in the mouse colon, there 
are at least two motor patterns involved in pro-
pulsion of natural contents. An ongoing slowly 
propagating motor complex appears to be 
involved in the formation of pellets in the proxi-
mal colon [13]. Then, when the semisolid con-
tents reach a functional flexure, they are already 
formed into pellet-like boluses and are propelled 
by activation of ascending excitatory pathways 
and facilitated by descending inhibitory pathway 
[13]. Distinct neurogenic patterns of rhythmic 
electrical activity had already been identified pre-
viously in the proximal colon of mice [12, 38, 
57], where distinct neurochemical coding of 
myenteric neurons and enteric circuitry exists, 
different from the distal colon [38].

27.7  What Mechanisms Underlie 
Aboral Propulsion?

Local stimulation of the gut is well known to acti-
vate local intrinsic neural reflexes consisting of 
ascending excitatory and descending inhibitory 
nerve pathways [2, 3, 11, 15, 18, 22, 23, 52, 55, 
63]. In propulsive movements what emerges is 
that there is temporally coordinated activation of 
ascending excitatory nerve pathways orally and 
descending inhibitory nerve pathways aborally. 
Recent work in mouse colon has shown that dur-

ing the aboral propagation of smooth muscle con-
traction, excitatory junction potentials discharge 
at ~2 Hz along the length of colon (from proxi-
mal to distal regions), even when the contraction 
may be only occurring in the proximal colon [47, 
58]. It has been uncovered that the reason why 
the contraction commences in the proximal colon 
is because descending inhibitory motor neurons 
(that fire at ~2 Hz) are responsible for suppress-
ing EJPs from reaching action potential threshold 
[47, 58].

27.8  Rhythmic Activity 
of Myenteric Neurons During 
Propulsive Motor Patterns 
in the Mouse Colon

Interestingly, when preparations of colon are 
maintained under constant distension, the CMCs 
that are induced have a weak polarity. That is, 
each contraction can propagate in any direction 
but predominantly from proximal to distal colon. 
However, as soon as fluid or solid pellet contents 
are inserted into the proximal colon, they always 
are propelled aborally.

Insertion of an artificial pellet in the mouse 
distal colon initiates a contraction of the circular 
muscle at the oral end of the segment, or oral to 
the pellet with propulsion [5, 51]. Initial evidence 
indicates that also in this condition of neurome-
chanical loop activation, there is coordinated 
activation of myenteric neurons firing at ~2 Hz 
[51]. When electrophysiological recordings are 
made from the smooth muscle of the colon dur-
ing propulsion of single fecal pellets, it has been 
shown that there is synchronous EJPs in the 
smooth muscle over increasing spatial field 
behind the fecal pellet. It might be argued that if 
the ENS is simultaneously activated along the 
length of colon, then why does the whole colon 
not contract simultaneously? As mentioned 
above, the most recent data has shown that during 
the propulsion of fluid, inhibitory motor neurons 
are active downstream (ahead of the advancing 
fecal pellet) and act to suppress EJPs from reach-
ing action potential threshold [47, 58]. The same 
hardwired circuit that was identified in 2018 by 
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our laboratory is also active in these tubular prep-
arations during fluid propulsion [47, 58]. This 
was revealed when inhibitory motor neurons and 
excitatory motor neurons are activated at the 
same rate by common interneurons [51]. This 
means that during a propulsive contraction, 
descending inhibitory pathways are strongly acti-
vated from the distended region, leading to aboral 
inhibition. It is important to note that the level of 
excitation in the ENS and the degree of spatial 
coordination of colonic neurogenic contractions 
are dependent upon the length of colon that is 
distended [12].

Fluid propulsion in the colon does not com-
monly occur physiologically since the colon (par-
ticularly the distal colon) usually contains solid 
content. However fluid infusion has been used to 
compare colonic propulsion in several species 
including mouse [10]. In a recent publication 
from our laboratory during the aboral propulsion 
of fluid, there is temporal coordination of the fir-
ing of large populations of excitatory and inhibi-
tory motor neurons, both orally and aborally to a 
propagating contraction of colonic circular 
smooth muscle. It was shown that during propul-
sion of fluid, there is a repetitive discharge of cho-
linergic EJPs over large lengths of colon 
downstream (aboral) of the propagating contrac-
tion that become temporally coordinated with 
EJPs in the proximal colon, at a time prior to the 
onset of the contraction in the proximal colon. 
Hence, there is ongoing synchronized neural 
activity in the ENS over a long spatial range, even 
before any localized contraction commences.

A logical question that arises is if large popu-
lations of excitatory and inhibitory motor neu-
rons temporally coordinate their firing across 
large populations of myenteric ganglia, then how 
can a polarized, aborally propagating contraction 
occur? This mechanism is not fully understood, 
but it is clear, as discussed above, that the polarity 
in the projections of excitatory and inhibitory 
motor neurons plays a major role. Evidence 
shows that descending inhibitory pathways to the 
smooth muscle suppress concurrently activated 
descending (and ascending) excitatory pathways 
to the same regions of smooth muscle. This 

explains why EJPs occur along the full length of 
colon at the same time at ~2 Hz (see [47, 58]).

27.9  Are There ENS Pacemaker 
Neurons That Could Underlie 
the Rhythmic Generation 
of CMCs?

In the heart, distinct populations of rhythmically 
excitable neurons have been identified in the car-
diac plexus [19]. However, similar studies have 
not found rhythmically excitable neurons in the 
ENS. The neurogenic origin of cyclical CMCs, at 
least in rodents, involves the emergence of coor-
dinated firing of many thousands of ascending 
and descending interneurons that synaptically 
converge to activate large assemblies of excit-
atory and inhibitory motor neurons [47, 51, 58]. 
The mechanism appears to be stochastic. But, 
during CMCs, the mechanism that underlies the 
onset of this coordinated neural firing in ENS cir-
cuits is elusive. Intracellular electrophysiological 
recordings from myenteric neurons in mouse 
colon have shown that following blockade of fast 
synaptic transmission, the vast majority of neu-
rons fall silent and do not show intrinsic rhyth-
micity [25, 41]. In the study from Dr. Bywater’s 
laboratory, some myenteric neurons showed slow 
rhythmic depolarizations, which they called slow 
waves [25].

27.10  Comparison with Other 
Species

The principles underlying this review could eas-
ily extend to other species. One of the most com-
monly recorded patterns of neurogenic motor 
activity in the colon of mammals constantly dis-
tended is the colonic motor complex (CMC) [8]. 
CMCs have been characterized in  vivo and 
in vitro in a variety of species, including mouse 
[20, 30, 37, 43, 59] and humans [53]. CMCs 
occur in a variety of isolated preparations of 
colon of different species, including the whole 
human colon [53] and guinea pig [14].
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27.11  Conclusion

Despite the different patterns of motor activity 
that have been identified to be involved in the for-
mation of fecal pellets in the mouse colon, there 
is a common underlying rhythmicity of the 
enteric circuits firing at ~2 Hz. All enteric neu-
rons appear to be involved in this rhythmicity 
including excitatory and inhibitory motor neu-
rons and most interestingly the CGRP immuno-
reactive Dogiel Type II (sensory) neurons. A 
modulation of such rhythmic activity by luminal 
stimuli acting via intrinsic sensory inputs deter-
mines the adaptive nature of the enteric circuits to 
colonic contents. A challenge for future studies is 
identifying the origin of the neurons that initiate 
the emergence of coordinated firing of large 
ensembles of ENS activity that underlie cyclical 
neurogenic motor patterns in the GI-tract.
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28The Shaggy Dog Story of Enteric 
Signaling: Serotonin, a Molecular 
Megillah

Michael D. Gershon

Abstract

Historically and quantitatively, the enteric site 
of serotonin (5-HT) storage has primacy over 
those of any other organ. 5-HT, by the name of 
“enteramine”, was first discovered in the 
bowel, and the gut produces most of the body’s 
5-HT. Not only does the bowel secrete 5-HT 
prodigiously but it also expresses a kaleido-
scopic abundance of 5-HT receptors. The 
larger of two enteric 5-HT stores is mucosal, 
biosynthetically dependent upon tryptophan 
hydroxylase1 (TPH1), and located in EC cells. 
Mechanical stimuli, nutrients, luminal bacte-
ria, and neurotransmitters such as acetylcho-
line and norepinephrine are all able to 
stimulate EC cells. Paracrine actions of 5-HT 
allow the mucosa to signal to neurons to initi-
ate peristaltic and secretory reflexes as well as 
to inflammatory cells to promote intestinal 
inflammation. Endocrine effects of 5-HT 

allow EC cells to influence distant organs, 
including bone, liver, and endocrine pancreas. 
The smaller enteric 5-HT store is biosyntheti-
cally dependent upon TPH2 and is located 
within a small subset of myenteric neurons. 
5-HT is responsible for slow excitatory neuro-
transmission manifested primarily in type II/
AH neurons. Importantly, neuronal 5-HT also 
promotes enteric nervous system (ENS) neu-
rogenesis, both pre- and postnatally, through 
5-HT2B and especially 5-HT4 receptors. The 
early birth of serotonergic neurons allows 
these cells to function as sculptors of the 
mature ENS.  The inactivation of secreted 
5-HT depends on transmembrane transport 
mediated by a serotonin transporter (SERT; 
SLC6A4). The importance of SERT in control 
of 5-HT’s function means that pharmacologi-
cal inhibition of SERT, as well as gain- or 
loss-of-function mutations in SLC6A4, can 
exert profound effects on development and 
function of the ENS.  Extra-enteric, TPH1- 
derived 5-HT from yolk sac and placenta pro-
motes neurogenesis before enteric neurons 
synthesize 5-HT and contribute to ENS pat-
terning. The impressive multi-functional 
nature of enteric 5-HT has made the precise 
identification of individual physiological roles 
difficult and sometimes controversial.
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PubMed, the bibliographic service of the National 
Library of Medicine (USA), provides, as of 
August 2021, 6265 results for the query “sero-
tonin and intestine.” That is a relatively large 
number of publications and indicates that scien-
tific interest in that subject has been, if not 
extraordinary, at least substantial. It is thus sur-
prising that a recent reviewer of an application to 
the National Institutes of Health (USA) for a 
research grant expressed incredulity that one 
might want to study a “brain chemical,” like sero-
tonin (5-HT), in the gut. The popular association 
of 5-HT with “happiness”, or perhaps the strong 
focus of modern research on 5-HT in the brain, 
which has been the subject of ninefold as many 
papers as intestinal 5-HT, seems to have obscured, 
even for some of the scientists that study it, the 
many roles that 5-HT plays, not only in the gut 
but elsewhere outside of the CNS. In fact, enteric 
5-HT is a polyfunctional molecule, acting as an 
endocrine hormone, a paracrine messenger, and a 
neurotransmitter [31]. It is also a mitogen [57] 
and growth factor that stimulate neurogenesis in 
the developing [28] and adult [48] enteric ner-
vous system (ENS), as well as proliferation of the 
mucosal epithelium of the intestinal mucosa [37, 
51]. The endocrine role of 5-HT links it to the 
control of osteocytes in bone deposition [43], the 
paracrine role to the initiation of peristaltic 
reflexes [14, 38] and inflammation [8, 23, 34, 50, 
51], and the neurotransmitter role to the regula-
tion of gastrointestinal (GI) motility [33, 41, 51]. 
To be sure, some of these putative functions of 
enteric 5-HT, such as its initiation of peristaltic 
reflexes, have been disputed [63], but it remains 
obvious that there was a good reason, or perhaps 
an abundance of reasons, for the biosynthesis of 
5-HT in the GI tract to have evolved and thus to 

be studied. The enteric functions of 5-HT have 
been a complex tale, full of unexpected twists, 
turns, and reversals of fortune; thus it is very 
much a “shaggy dog story,” and the importance 
of 5-HT is what makes it a molecular megillah.

28.1  The History of 5-HT

The story of 5-HT in both the brain and the gut is 
not very old. It began in Italy during the great 
depression, well after the discoveries of the 
enteric nervous system (ENS) [2, 46, 53] and its 
ability to control to the behavior of the bowel 
independently of input from the brain or spinal 
cord [3–5, 67]. At that time, despite the depres-
sion and the rise of fascism in Italy, Vittorio 
Erspamer observed that material extracted from 
the wall of the bowel with acetone caused smooth 
muscle preparations to contract [25]. Erspamer 
further noted that the active principal reacted 
chemically as if it were an indole and that it was 
concentrated in the intestinal mucosa. 
Histochemical staining of gut sections, done to 
look for that indole, revealed that enterochromaf-
fin cells of the intestinal epithelium contained an 
indoleamine that he named “enteramine” [11, 27, 
69]. World War II intervened; however, Erspamer 
was distracted, and an entirely different trail of 
research would first reveal the actual structure of 
5-HT.

The trail of research that would ultimately 
lead to the discovery of the structure of 5-HT had 
little or nothing to do either with the gut or the 
brain. It had to do with the quest of Irvine Page at 
the Cleveland Clinic to treat hypertension [73]. 
Page reasoned that there might be a vasoconstric-
tive substance in the blood of people blood pres-
sure was abnormally high. A big problem for 
Page’s research was that blood clotted after it was 
drawn and that it had been known since 1846 that 
clotting released a vasoconstrictive substance 
into the serum. Page hired Maurice Rapport, a 
really good chemist who had just obtained a PhD 
degree, and Arda Green, a biochemist, who were 
given the task of getting rid of the interfering 
serum vasoconstrictor. Instead of doing that 
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exactly, Rapport identified the molecule and 
proved the structure of 5-HT by synthesis [55]. 
The team of Rapport, Green, and Page chose the 
name “serotonin” for 5-HT because it was a 
serum vasoconstrictor. By 1953, Erspamer real-
ized that “enteramine” and serotonin were the 
same thing [26, 27]; however, although one might 
argue that “enteramine” is a better name for a 
molecule that is most abundant in the bowel, it 
was too late. After Betty Twarog, working with 
Page, found that 5-HT was also present in the 
brain [68] and D. Wayne Woolley linked 5-HT to 
mental function [74], research aiming to deter-
mine the role of 5-HT in the brain-dominated sci-
ence (as it still does) and the nomenclature had 
become permanent.

28.2  5-HT and the Peristaltic 
Reflex

The study of the functional roles that 5-HT plays 
in the bowel began in earnest with a pioneering 
series of papers from the Oxford laboratory of 
Edith Bülbring [14–16, 19, 20]. She was inter-
ested in the initiation of the peristaltic reflex. This 
reflex, or something like it, was first observed by 
Bayliss and Starling who showed that pinching 
the bowel, or increasing pressure in the lumen of 
the intestine, elicited a reproducible series of 
movements of the gut consisting of contraction 
oral to the point of stimulation and relaxation dis-
tal to it, which they called the “law of the intes-
tine” [3–5]. Because Bayliss and Starling were 
able to block that behavior with cocaine and nic-
otine but evoke it after they had severed all the 
extrinsic nerves running to the bowel, they attrib-
uted the activity to what they called the “local 
nervous mechanism” of the gut. Bayliss and 
Starling could do this because they were aware of 
prior discoveries made by Auerbach [2] and 
Meissner [53] that a very large intrinsic enteric 
nervous system (ENS) is present within the 
bowel. After the publication of the work of 
Bayliss and Starling, Paul Trendelenburg demon-
strated intestinal behavior, which was identical to 
the “law of the intestine,” in preparations of gut 

that were isolated in vitro [67]. This observation 
of “the peristaltic reflex” in vitro put an exclama-
tion point onto the conclusion of Bayliss and 
Starling that the behavior was due to the activity 
of the intrinsic ENS within the gut. Bülbring, 
who in her youth had lived in the same house as 
Trendelenburg, was anxious to determine how 
luminal stimulation is able to engage the ENS.

Bülbring and her associates devised a new 
procedure for demonstrating the peristaltic reflex. 
Instead of just recording the contraction of the 
longitudinal muscle or the pressure within the 
lumen of the gut, she measured both and, at the 
same time, the fluid the gut propelled [17]. This 
allowed Bülbring to conclude that she was truly 
looking at authentic peristaltic reflexes, which 
were propulsive, both in  vitro and in  vivo. The 
Bülbring group was able to use their improved 
preparation to follow up on the observations of 
Erspamer that showed that 5-HT is present in the 
intestinal mucosa, of Twarog and Wooley that 
5-HT is present in neuronal tissue and neuroac-
tive, and of Trendelenburg that increased intralu-
minal pressure evokes the peristaltic reflex. 
Bülbring first showed that intraluminal 5-HT 
enhanced peristaltic reflexes and lowered the 
threshold of pressure needed for their elicitation 
[14]. In contrast, serosal application of 5-HT 
inhibited or even blocked the peristaltic reflex 
[19]. In addition, she demonstrated that 5-HT is 
synthesized locally within the intestinal mucosa 
from 5-hydroxytryptophan and released from the 
mucosa when intraluminal pressure was raised 
and propulsive movement of the bowel was 
evoked [19]. These observations were important 
because Bülbring also showed that removal, 
asphyxiation, or anesthesia of the “mucous mem-
brane” of the intestine impaired the activity that 
she identified as the peristaltic reflex, which was 
thus dependent for its initiation on the mucosa 
[20]. Bülbring further noted that primary afferent 
neurons are present in the bowel wall, she thought 
in the submucosal plexus, and she postulated that 
5-HT is secreted from EC cells in response to 
mucosal stimulation and activates these intrinsic 
primary afferent neurons (IPANs) to initiate peri-
staltic reflexes [20]. Bülbring put these data 

28 The Shaggy Dog Story of Enteric Signaling: Serotonin, a Molecular Megillah



310

together to suggest that increased intraluminal 
pressure releases 5-HT from EC cells, which 
stimulates the mucosal endings of IPANs that ini-
tiate peristaltic reflexes. The IPANs thus, in 
Bülbring’s hypothesis, act as the gateways to cir-
cuits within the ENS that control activity of the 
excitatory and inhibitory motor neurons that are 
ultimately responsible for the oral contraction 
and anal relaxation that comprise the “law of the 
intestine” or peristaltic reflex. Bülbring’s further 
studies confirmed that 5-HT is indeed released 
from EC cells in response to elevations of intralu-
minal pressure [16]. She subsequently went on to 
verify that responses of intact gut in  vivo were 
identical to what she had demonstrated in vitro 
[15]. This work also established that very high 
concentrations of 5-HT could desensitize rele-
vant 5-HT receptors and block its own action; 
however, Bülbring never was able to conclude, 
definitively in her mind, that mucosal 5-HT was 
essential for evoking peristaltic reflexes because 
reserpine, the agent that she employed to deplete 
5-HT, was unable either to block 5-HT biosyn-
thesis or reduce the 5-HT concentration to zero.

28.3  Did Bülbring Make 
a Mistake?

The deficiency that Bülbring recognized in her 
own work, that she could neither totally deplete 
the 5-HT stored in the bowel nor block its biosyn-
thesis, has formed the basis of challenges to her 
hypotheses. No one, since Bülbring’s original 
work, has challenged the ability of 5-HT to evoke 
the peristaltic reflex, and skepticism has all been 
directed at the question of whether 5-HT signal-
ing is “essential” for its manifestation. Boullin, 
for example [12], used a tryptophan-free diet to 
deplete 5-HT in rats up to a mean of about 90%. 
He found that the amplitudes of peristaltic 
reflexes in 5-HT-depleted animals were not sig-
nificantly different from those in paired rats fed a 
normal diet. In fact, although no deficiencies in 
peristaltic activity were observed due to diet- 
induced 5-HT depletion, the effect of 5-HT on 
peristaltic reflexes was amplified in rats fed diets 
high in tryptophan, suggesting that an elevated 

level of endogenous 5-HT might add to the effect 
of exogenous 5-HT. Boullin nevertheless con-
cluded that 5-HT was not essential for manifesta-
tion of the peristaltic reflex. Bülbring herself 
accepted Boullin’s conclusions and decided that 
mucosal 5-HT might be a modulator of the peri-
staltic reflex, acting to lower the pressure thresh-
old needed to evoke the reflex although this role 
of 5-HT might not be an essential one [13].

More recent studies that have revisited the 
issue of the role of 5-HT in the peristaltic reflex 
have continued to focus on the question of 
whether 5-HT is “essential.” Studies have shown, 
for example, that a non-absorbed inhibitor of 
tryptophan hydroxylase (TPH), the rate-limiting 
enzyme in 5-HT biosynthesis, does not affect 
total GI transit time or colonic motility in mice 
[76]. In fact, even the genetic deletion of TPH1, 
which is the isoform of TPH found in EC cells, 
fails to alter total GI transit time, the time to expel 
a bead inserted into the rectum, gastric emptying, 
or small intestinal transit [47]. In contrast, dele-
tion of TPH2, the isoform of TPH found in neu-
rons, greatly slows parameters of intestinal 
motility, although it accelerates gastric emptying 
[47], perhaps by eliminating a neuronal role for 
5-HT in vagal compliance (relaxation) of the 
stomach [18].

Methods utilized to study initiation of peri-
staltic reflexes have not been identical. There 
seems to be an underlying assumption that if one 
elicits the intestinal behavior that fits the descrip-
tion of the peristaltic reflex, then that is sufficient. 
Variations in stimuli have not been emphasized. 
It is likely, however, that more than one mecha-
nism exists for engaging the microcircuits within 
the ENS that underlie peristaltic reflexes. Backup 
systems are common in biology; elimination of 
one pathway is often followed by activity in 
another that compensates for the absence of the 
pathway that has been deleted. In the case of the 
peristaltic reflex, there is evidence that, in con-
trast to what Bülbring reported, behavior of the 
gut that appears to be a peristaltic reflex can still 
be evoked, even after removal of the mucosa [44, 
61, 62, 78]. This evidence, however, is also con-
tradicted by evidence that Bülbring was right 
after all, and that removal of the mucosa does 

M. D. Gershon



311

indeed abolish the peristaltic reflex [30, 39]. The 
apparent contradiction in observations has led 
groups to suggest that the opposing experiment-
ers did not remove the mucosa properly, either 
damaging delicate nerve fibers underlying the 
mucosal epithelium, or incompletely removing 
the mucosa [60, 64]. There is no question, how-
ever, that no matter how adept one might be in 
removing the mucosa from the bowel, the prepa-
ration that remains after the mucosa has been 
removed is not a physiological one. A mucosa- 
free mammalian gut does not exist in nature. 
Whatever mechanism(s) the mucosa might have 
had to initiate peristaltic reflexes cannot operate 
after the mucosa has been removed; therefore, 
removal of the mucosa cannot provide definitive 
insight into how peristaltic reflexes are evoked 
when the mucosa and its connections to the ENS 
are intact.

28.4  5-HT Is Essential for Mucosal 
Stimulation to Evoke 
the Peristaltic Reflex, 
But 5-HT Is Not Essential 
for Reflexes That 
Mechanosensitive Nerve 
Fibers Induce

Light brushing of the mucosal surface of an intact 
wild-type mouse gut evokes colonic migrating 
motor complexes (CMMCs), which are a form of 
peristaltic reflex; however, an identical stimulus 
fails to do so in mice that lack TPH1 (TPH1KO) 
[38]. Fecal pellets, moreover, are not propagated 
normally in the oral to anal direction in TPH1KO 
mice but may instead move irregularly or even 
reverse to move in the anal to oral direction. The 
colon of the TPH1KO mouse, furthermore, is 
elongated and dilated and contains grotesquely 
large fecal pellets. These many observations on 
the peristaltic reflex, taken together, suggest that 
more than a single mechanism exists that can 
engage the hardwired neuronal circuitry of the 
ENS that gives rise to the peristaltic reflex. In 
essence, at least two switches seem to exist that, 
when flipped, activate the machinery that drives 
peristaltic reflexes. One such switch or mecha-

nism is mucosal stimulation, which operates 
indirectly through the secretion of 5-HT from EC 
cells. The secreted 5-HT excites mucosal projec-
tions of IPANs that serve as gateways to the cir-
cuitry of the ENS [38, 59]. The other mechanism 
is the initiation of peristaltic reflexes through the 
direct activation of mechanosensitive nerve fibers 
in the gut wall [63]. The mucosal pathway is 
5-HT-dependent, while the direct activation of 
mechanosensitive nerve fibers is 
5-HT-independent. Experimenters who stretch 
the bowel to evoke peristaltic reflexes thus find 
that the mucosa can be eliminated and that 5-HT 
is not essential. Experimenters who restrict their 
stimuli to the mucosa find that the mucosa cannot 
be eliminated and that 5-HT is essential. The 
gross normality of GI transit in TPH1KO mice 
probably reflects the ability of the bowel to com-
pensate for the loss of the mucosal pathway to 
engage peristaltic reflexes; fecal pellets enlarge 
and stretch the gut, which eventually activates 
mechanosensors to trigger reflexes and propel 
luminal content. The abnormal elongated colon 
and massive fecal pellets of the TPH1KO mouse, 
no doubt, reflect the price these animals pay for 
not having the mucosal 5-HT-dependent pathway 
available.

28.5  Luminal Microbes Use EC 
Cells and 5-HT to Regulate 
the ENS

In vivo, the EC cells of the GI epithelium interact 
with luminal contents, including the massive 
microbiome of the bowel. Enteric microbiota, 
moreover, are not inert. Their presence enhances 
the ability of EC cells to synthesize and release 
5-HT [56, 77]. As this happens, for example, 
when a germ-free mouse gut is colonized, the 
motility of the bowel is enhanced [24, 56, 77], an 
outcome that is consistent with the idea that EC 
cell 5-HT is linked to propulsive behavior of the 
gut. Strikingly, when the bowel of germ-free 
mice is colonized with a fecal transplant from 
conventionally raised mice, the neuroanatomy of 
the ENS changes in a way that suggests the 
occurrence of neurogenesis; moreover, GI transit 
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also accelerates. These changes are associated 
with enhanced production of 5-HT, both in neu-
rons and in EC cells of the intestinal mucosa [24]. 
The effects of depletion of endogenous 5-HT 
from EC cells and/or enteric neurons, as well as 
blockade of 5-HT4 receptors, suggest that the 
action of the intestinal microbiota is to cause the 
release of 5-HT from EC cells and enteric neu-
rons, which stimulates 5-HT4 receptors that are 
neuroprotective and enhance maturation of the 
ENS, even in adult mice. The intestinal microbi-
ome thus modifies the ENS and accelerates GI 
transit, not only through peristaltic reflexes, but 
also through trophic actions on enteric neurons 
[24].

28.6  5-HT Is a Growth Factor 
for Enteric Neurons

The idea that 5-HT is a growth factor for enteric 
neurons predated the observations of the effects 
of enteric microbiota on EC cells and 5-HT. The 
earliest observations were made on enteric neuro-
genesis in vitro [28]. 5-HT was found to enhance 
neurogenesis when added to cultures of enteric 
neuronal precursors and promoted enteric neuro-
nal development through an action of the 5-HT2B 
receptor [28]. That observation was followed by 
evidence that the 5-HT4 receptor might be at least 
as important as the 5-HT2B receptor in mediating 
the ability of 5-HT to induce enteric neuroprotec-
tion and neurogenesis [24, 48]. The postnatal 
development of the ENS was found to be defi-
cient in mice that lacked 5-HT4 receptors, and 
5-HT4 agonists, like 5-HT2B agonists, were pow-
erful promoters of the development of enteric 
neurons from isolated neural crest-derived pre-
cursors [48]. Studies of the development of the 
ENS indicated that enteric serotonergic neurons 
occupy a strategic position in enteric neuronal 
development because they are among the first 
neurons to be born during ENS ontogeny [54]. 
Neurons that are born after the birth of serotoner-
gic neurons undergo their terminal mitoses in the 
presence of serotonergic axon terminals [21]. 
Serotonin from the early-born neurons can thus 
contribute both to the ultimate numbers of these 

follower neurons and to the choices of their phe-
notypes. The physiological importance of 5-HT 
as a growth factor has been demonstrated by 
studies of the ENS in mice that lack TPH2, the 
isoform of TPH that is critical for 5-HT biosyn-
thesis in neurons of the CNS [72] and ENS [47]. 
The deletion of TPH2, but not TPH1 (the TPH 
isoform in EC cells), leads to hypoplasia of the 
ENS and specific deficiencies of late-born neu-
rons, such as those marked by their content of 
GABA, CGRP, and tyrosine hydroxylase. The 
effects of TPH2 deletion are essentially mim-
icked by TPH inhibition in neurons by para- 
chlorophenylalanine [24]. Interestingly, the 
effects of TPH2 depletion are not mimicked by 
administration of LP-920540 or LX1032, which 
are non-absorbed inhibitors of TPH that deplete 
mucosal, but not enteric neuronal 5-HT [52]. 
These observations indicate that enteric neuronal 
5-HT is an important growth factor for the devel-
oping and mature ENS. As such, although GI 
transit is totally abnormal and slow in TPH2KO 
mice, it is impossible to know whether the defects 
in these animals are due to the absence of the 
neurotransmitter properties of 5-HT or to the 
absence of an appropriate number of neurons, or 
both. TPH2 also seems to be more important for 
ENS development than TPH1, although the stud-
ies of the effects of adding microbiota from con-
ventionally raised mice to the bowel of germ-free 
animals [24] indicate that the mucosal as well as 
neuronal sources of 5-HT contribute to neuropro-
tection and ENS maintenance. It is possible that 
the effects of 5-HT from EC cells are not direct 
actions, but mediated indirectly through the abil-
ity, discussed above, of mucosal 5-HT to stimu-
late IPANs and thus engage the activity of ENS 
circuits.

28.7  SERT Plays a Critical Role 
in Enteric 5-HT Signaling

5-HT is released from the mucosa of the intestine 
in response to mechanical stimulation [6, 7]. 
Technological improvements have allowed 
mucosal 5-HT secretion to be followed for long 
periods of time in vivo and have confirmed that 
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distension of the gut releases 5-HT in parallel 
with the peristaltic movements of the bowel [49]. 
Given the abundance of mucosal 5-HT and the 
observations of Bülbring that 5-HT blocks peri-
staltic reflexes and intestinal propulsion when it 
is applied to the serosal surface of the gut, it 
would seem to be necessary to compartmentalize 
mucosal 5-HT to its own layer of the gut and thus 
to protect the ENS from direct exposure to muco-
sal 5-HT. It is important to bear in mind that 
5-HT is highly charged at a physiological pH; 
therefore, the molecule is not very membrane 
permeant in the absence of a specialized trans-
porter. The enzymes that catabolize 5-HT, more-
over, monoamine oxidase [11] and, in the bowel, 
glucuronyltransferase [32], are intracellular; thus 
unless 5-HT is transported into cells, it is not 
likely to be catabolized. In neurons, the serotonin 
reuptake transporter (SERT) catalyzes the uptake 
of 5-HT and is primarily responsible for the inac-
tivation of 5-HT following its release at synapses 
and action on membrane receptors [10, 40]. The 
same transporter, SERT, is expressed in guinea 
pig brain and bowel [22] and rat gut [70], with a 
distribution of RNA that is consistent with its 
expression in enteric serotonergic neurons and 
mucosal epithelial cells. The enteric SERT of the 
guinea pig was cloned from the mucosal epithe-
lium [22], and it is widely expressed throughout 
the guinea pig mucosal epithelium, although, in 
the rat, mucosal SERT is more heavily distributed 
in crypts [22]. The presence of SERT in the 
enteric mucosa enables the 5-HT that EC cells 
secrete to be inactivated rapidly, preventing 
excessive stimulation of mucosal receptors, their 
desensitization, as well as the overflow of 5-HT 
to swamp the ENS. In fact, the amplitude of 
EPSPs, recorded in cholinergic submucosal neu-
rons (possible IPANs) following stimuli confined 
to the mucosa, is enhanced when SERT is inhib-
ited with fluoxetine [22]. The number of submu-
cosal neurons that respond to stroking of the 
mucosa, moreover, is also increased by the inhi-
bition of SERT. Interestingly, the ability of muco-
sal stroking to excite submucosal neurons can be 
blocked with antagonists at 5-HT receptors, 
including 5-HT3 and 5-HT4 antagonists [29, 35, 
42], as well as novel antagonists, such as anti- 

idiotypic antibodies that recognize 5-HT recep-
tors [71] and a dipeptide of 5-HTP that is highly 
selective for actions of 5-HT on enteric neurons 
[65].

28.8  Inhibition of VMAT2

In assessing observations on mucosal or neuronal 
5-HT signaling, it is important to consider the 
action of reserpine [58]. Reserpine is an old drug 
that, as discussed earlier, Bülbring first applied to 
the investigation of the peristaltic reflex [15]. 
Reserpine is an irreversible inhibitor of the vesic-
ular monoamine transporter 2 (VMAT2) [9]. As 
such, it allows 5-HT biosynthesis to persist, 
although 5-HT (and other monoamine stores) is 
reduced to very low levels. Non-vesicular release 
of 5-HT, from the cytosol [45] possibly mediated 
by SERT acting in reverse, can still function, as 
Bülbring noted to her regret. To abolish the 
effects of endogenous 5-HT, therefore, it is nec-
essary to delete TPH1 (for EC cells) or TPH2 (for 
neurons).

28.9  SERT Regulates Enteric 
Serotonergic Signaling

Because the inactivation of 5-HT is so SERT- 
dependent, alterations in SERT activity exert pro-
found effects on the behavior of the gut and the 
development of the ENS [51]. The actions of 
SERT, moreover, are clinically relevant to autism 
spectrum disorder (ASD). GI disturbances are 
frequently seen in ASD [36]. Rare, hyperfunc-
tional coding variants of the SERT (encoded by 
SLC6A4) have been identified in ASD [51]. 
Expression in mice of the most common of these 
(SERT Ala56) increases 5-HT removal and leads 
to behaviors that resemble ASD.  Mice that 
express SERT Ala56 also exhibit functional GI 
defects that are like those observed in TPH2KO 
animals, which lack neuronal 5-HT, including 
ENS hypoplasia, slow GI transit, diminished per-
istaltic reflex activity, and deficient proliferation 
of crypt epithelial cells. These observations sug-
gest that the SERT overactivity is the functional 
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equivalent of lack of 5-HT. In mice that lack 
SERT (SERTKO) and progeny of dams treated 
chronically with the SERT inhibitor, fluoxetine, 
an opposite phenotype occurs. Inability to inacti-
vate 5-HT leads to its overactivity. These recipro-
cal phenotypes thus support the concept that 
serotonergic signaling is a powerful and critical 
regulator of ENS development. Disturbances of 
5-HT signaling cause long-lasting abnormalities 
of GI function. The critical receptor for seroto-
nergic signaling in ENS development appears to 
be 5-HT4; thus, administration of prucalopride 
prevents the occurrence of SERT Ala56- 
associated GI perturbations. That observation 
implies that SERT overactivity deprives the 
5-HT4 receptor of neuronal precursors of their 
ligand, diminishing the trophic effects of 5-HT. 
Prucalopride can substitute for 5-HT, despite the 
SERT overactivity in SERT Ala56 mice, because 
prucalopride is not a substrate for SERT. It seems 
likely that GI and behavioral features of ASD are 
due to deficient 5-HT signaling during develop-
ment. The safety and potentially adverse effects 
on the gut of SERT inhibition during pregnancy 
to combat depression therefore must be 
considered.

28.10  The Importance 
of Extraenteric TPH1 During 
Early Development

The developmental importance of 5-HT in the 
formation of the ENS and the role of microbiota 
[24] are certainly consistent with the idea that 
TPH1 is very important. The role of SERT in the 
compartmentalization of the mucosa [22], how-
ever, and the severe ENS defects seen in mice 
that lack TPH2 [47] cast a dubious light on the 
relative importance of the TPH1-derived 5-HT 
pool in EC cells. On the other hand, serotonergic 
neurons themselves appear to be sensitive to the 
trophic effects of 5-HT, which suggests that 5-HT 
might influence ENS development before the 
appearance of serotonergic neurons or EC cells. 
In the CNS, the placenta and especially the yolk 
sac provide an early source of 5-HT in the circu-
lation that exerts profound effects on the pattern-

ing of the forebrain [75]. This 5-HT is 
TPH1-dependent, like that of EC cells. We have 
recently confirmed these data (Margolis and 
Gershon, personal observation) and found that 
the murine placenta and yolk sac are rich in TPH1 
at E12/13, a time when little or no TPH2 is 
expressed in the brain or gut. As a result, TPH1 
deletion is potentially able to disrupt ENS devel-
opment and patterning, even if the effects are 
subtle and not as obvious as those due to deletion 
of TPH2.

28.11  Tryptamine

One tool that has been able to provide insight into 
the role of TPH1-derived 5-HT has been to make 
use of tryptamine to evoke the secretion of endog-
enous 5-HT. Tryptamine was demonstrated years 
ago to act on serotonergic neurons in a manner 
analogous to the action of tyramine and other 
indirectly acting sympathomimetic compounds 
on catecholaminergic neurons [66]. Tryptamine 
enters serotonergic axon terminals, and VMAT2 
transports it into synaptic vesicles. Because trypt-
amine is a weak base, it collapses the pH gradient 
across vesicular membranes, which, in turn, 
causes 5-HT to flow out of vesicles into the cyto-
sol. Tryptamine further activates trace amine- 
associated receptors (TAAR1)[1] and 
phosphorylates SERT, causing it to act in reverse 
and pump 5-HT into the extracellular space. 
Once released from terminals, 5-HT gains access 
to its receptors and reveals the effects of endoge-
nous 5-HT release. These effects in the ENS 
include the mediation of slow transmission in 
type II/AH neurons [66]. Chronic exposure to 
tryptamine, furthermore, depletes endogenous 
5-HT, thereby blocking the effects of nerve stim-
ulation on type II/AH neurons, while permitting 
these cells to respond normally to exogenous 
5-HT and to the endogenous release of acetyl-
choline. More recent studies have verified the 
action of tryptamine on the ENS and have shown 
that tryptamine is without effect, when it is 
applied to TPH2KO bowel, which lacks 5-HT. In 
contrast to the TPH2KO gut, TPH1KO bowel 
still responds to tryptamine but does so abnor-
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mally (Gershon and Margolis, personal observa-
tions). When indices of responses to tryptamine 
are compared in wild-type bowel to the TPH1KO 
gut, neuronal uptake of FM2–10, cytochrome 
oxidase activity, and Fos activation in wild-type 
bowel are all much greater in the wild-type bowel 
than in that of TPH1KO mice. Strikingly, activa-
tion of glial Fos in the TPH1KO gut is stronger 
after administration of tryptamine than in neu-
rons. These observations are compatible with the 
supposition that the deletion of TPH1 leads to 
abnormal patterning of enteric neurites, even 
though the numbers of various enteric neurons 
may be close to normal.

28.12  Summary and Conclusions

• The gut bristles with 5-HT and 5-HT 
receptors.
 – The larger of two enteric 5-HT stores is 

TPH1-derived and is located in EC cells.
• EC cells respond to mechanical stimuli, 

nutrients, luminal bacteria, and neu-
rotransmitters, such as acetylcholine 
and norepinephrine.

• Paracrine effects allow the mucosa to 
signal to neurons to initiate peristaltic 
and secretory reflexes as well as to 
inflammatory cells to promote intestinal 
inflammation.

• Endocrine actions of 5-HT allow EC 
cells to exert effects on distant organs, 
including bone, liver, and endocrine 
pancreas.

 – The smaller 5-HT store is TPH2-derived 
and is located within a small subset of 
enteric neurons.
• 5-HT is responsible for slow excitatory 

neurotransmission manifested primarily 
in type II/AH neurons.

• 5-HT also promotes ENS neurogenesis, 
postnatally mainly via 5-HT4 receptors; 
moreover, the effects of 5-HT on enteric 
neurogenesis are manifest during devel-
opment and in adult life.

• Extra-enteric, TPH1-derived 5-HT from yolk 
sac and placenta promote neurogenesis before 

enteric neurons synthesize 5-HT and contrib-
ute to ENS patterning.
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Abstract

Many gastrointestinal motility disorders arise 
due to defects in the enteric nervous system. 
Achalasia and gastroparesis are two extremely 
debilitating digestive diseases of the upper gas-
trointestinal tract caused in part by damage or 
loss of the nitrergic neurons in the esophagus 
and stomach. Most current pharmacological 
and surgical interventions provide no long-
term relief from symptoms, and none address 
the cause. Stem cell therapy, to replace the 
missing neurons and restore normal gut motil-
ity, is an attractive alternative therapy. However, 
there are a number of hurdles that must be 
overcome to bring this exciting research from 
the bench to the bedside.

Keywords

Gastrointestinal motility disorders · Stem cell 
therapy · Achalasia · Gastroparesis

29.1  Introduction

Congenital and acquired deficiencies of the 
enteric nervous system (ENS) drive gastrointesti-
nal (GI) motility disorders [1]. Known as enteric 
neuropathies, the resultant diseases lead to debili-
tating chronic symptoms and compromised qual-
ity of life, and include upper GI motility diseases 
such gastroparesis and achalasia [1–3]. Achalasia, 
characterized by loss in lower esophageal sphinc-
ter relaxation (LES), and gastroparesis, described 
as a loss in pylorus motility, are primarily caused 
by disease- or age-related degeneracy of nitric 
oxide synthase (NOS)-expressing inhibitory 
motor neurons [2–4]. However, in many cases, 
the central nervous system (CNS) and ENS cir-
cuitry of the inhibitory reflexes remain intact, 
with only inhibitory motor neurons and intersti-
tial cells of Cajal (ICC) being lost [5–9]. Cell 
replacement therapy has the potential to restore 
stomach motility by replacing deficient or 
depleted neurons with healthy ones [1].

Until now, cell therapies for enteric neuropa-
thies have largely focused on the developmental 
disorder Hirschsprung disease, which is charac-
terized by the lack of all enteric neurons in the 
distal bowel. Studies have demonstrated neuro-
genesis and functional integration of different 
stem cell-derived neurons and glia into the colon 
of various animal models of Hirschsprung dis-
ease, showing the promise of cell therapy for GI 
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motility disorders [10–12]. Cell replacement 
therapy for achalasia and gastroparesis differs in 
two key ways: (1) it only requires the coloniza-
tion of relatively small regions of the gut com-
pared to even short segment Hirschsprung disease 
and (2) it requires the replacement of only a spe-
cific subtype of cell lost in the disease, the neuro-
nal nitric oxide synthase (nNOS)-expressing 
neurons. Transplanted cells still need to survive, 
proliferate, and integrate into an environment 
which may be actively depleting nNOS neurons 
[13, 14]. Additionally, although strong genetic 
links to achalasia and gastroparesis are yet to be 
identified, deficiency in nNOS may necessitate 
manipulation of stem cells prior to transplanta-
tion, in the form of corrective gene therapy [3]. 
Despite these challenges, the recent advances of 
cell replacement therapies in rodent models, inte-
gration of optogenetic technologies, and develop-
ment of methods to differentiate ENS-like cells 
from pluripotent stem cells make developing 
ENS cell therapy an attractive and feasible solu-
tion to treating enteric neuropathies.

29.2  Normal Motility in the Upper 
GI Tract: Esophagus 
and Stomach

29.2.1  Esophagus

The primary function of the esophagus is to guide 
consumed solids and liquids (bolus) from the 
pharynx into the stomach. Movement of the 
bolus, down the esophagus, is controlled by a 
process known as peristalsis – a sequential and 
coordinated contraction wave that travels down 
the esophageal body [15]. The occurring peristal-
sis can be primary or secondary, where the for-
mer is swallow-induced and the latter is elicited 
by esophageal distension [16].

Primary peristalsis begins with a pharyngeal 
contraction that pushes the bolus into the esopha-
gus. Here, it quickly transits the proximal third of 
the esophagus that is composed of striated mus-
cle. This segment is directly innervated by vagal 
nerves originating in the nucleus ambiguus of the 
medulla oblongata [17]. The striated muscle por-

tion of the esophagus also contains a myenteric 
plexus with numerous ganglia that form an ENS 
of conventional appearance [18]. However, the 
ENS has little influence on the pattern of propul-
sive activity, with the CNS remaining responsible 
for controlling primary peristalsis. This is evident 
by an irreversible loss of primary peristaltic func-
tion when vagal innervation is severed [19]. 
Continuing in the aboral direction, the bolus then 
passes an intermediate transition zone where stri-
ated and smooth muscles merge; traveling toward 
the distal two-thirds of the esophagus composed 
of only smooth muscle. Although this segment is 
innervated by the sympathetic vagal nerves from 
the dorsal motor nucleus in the medulla oblon-
gata, it also synapses with postganglionic motor 
neurons in the myenteric plexus [20].

Continuous propulsion of the bolus down the 
esophagus is facilitated by the activation of both 
the inner circular and outer longitudinal muscu-
lar layers in the muscularis propria (externa), 
which encircles the myenteric plexus. Here, the 
circular muscle layer contracts behind the bolus 
to propel it forward, while maintaining a relaxed 
state ahead of it to accommodate the traveling 
mass [21, 22]. The activity of both muscular 
layers is modulated by excitatory (contractile) 
and inhibitory (relaxatory) motor neurons 
within the myenteric plexus, which are inner-
vated by separate sets of preganglionic vagal 
fibers. Here, excitatory motor neurons are char-
acterized by the release of acetylcholine, 
whereas the major inhibitory pathway is pro-
vided by release of nitric oxide (NO), vasoactive 
intestinal peptide (VIP), and ATP-like transmit-
ters [23]. Ultimately, contractions of the inner 
circular and outer longitudinal muscular layers 
travel the length of the esophagus, in waves, to 
move the bolus toward the lower esophageal 
sphincter (LES).

As a physical barrier against the retrograde 
flow of gastric contents, the muscles of the LES 
differ from the rest of the esophagus in that it is 
contracted during its resting state. Passage of the 
bolus is enabled by swallow-induced LES relax-
ation, triggered by stimuli from the oropharyn-
geal region. Under the control of nerves rising 
from the caudal portion of the dorsal motor 
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nucleus of the vagus nerve (DMV) [24], the acti-
vation of local myenteric inhibitory motor neu-
rons which release nitric oxide (NO) is promoted, 
leading to the relaxation of the LES and allowing 
passage of the bolus into the stomach [25].

29.2.2  Stomach

Normal motor activity in the stomach is crucial 
for its function – to store food and release it to the 
intestines in a form and at a rate that can be pro-
cessed effectively. This is shared between two 
parts of the organ, where the proximal stomach is 
involved in the accommodation process while the 
distal stomach carries out the mixing and empty-
ing processes [26, 27].

The process of accommodation is enabled by 
the relaxation of the gastric wall in the proximal 
stomach and is commonly associated with the 
fundus. Also known as receptive relaxation, it is 
triggered as the bolus travels down through the 
esophagus and into the stomach, controlled by 
the vagovagal reflex pathway [28]. Activation of 
this pathway promotes the release of several 
inhibitory neurotransmitters (such as NO and 
VIP) from the endings of inhibitory motor neu-
rons. Neural inhibition of this region ultimately 
results in decreased fundic tone and a subsequent 
increase in the capacity of the region to accom-
modate additional content [29, 30]. Remarkably, 
this is achieved without an increase in intragas-
tric pressure, minimizing the risk of gastroesoph-
ageal reflux [31, 32]. The distensible ability of 
the proximal stomach is facilitated by structural 
characteristics uniquely specialized to accommo-
date food, namely, its comparatively thin external 
smooth muscle layers, lack of a pacemaker net-
work, and substantial inhibitory innervation.

In the distal stomach, which includes the cor-
pus (body), antrum, and pylorus, the focus transi-
tions to mixing and emptying the bolus into the 
duodenum of the small intestine [26, 27]. Here, 
the muscular layers are observed to increase in 
thickness (particularly the circular muscular 
layer) and be less distensible in the direction of 
the antrum and pylorus. This reflects the ability 
of the distal stomach to generate powerful con-

tractions and contain the pressures generated 
[33]. Contractions within the stomach are locally 
dictated by a network of pace-making interstitial 
cells of Cajal (ICC) found within the myenteric 
plexus (ICC-MY) [34]. Presence of these cells 
are noted to begin from the mid-corpus, and like 
the muscular layers, its density proceeds to 
increase distally toward the antrum and pylorus 
[35]. ICC-MY generate cyclical electrical “slow 
waves” and transmit these waves to smooth mus-
cle cells [36]. This is believed to be facilitated by 
the intramuscular ICC (ICC-IM), which links the 
ICC-MY to both excitatory and inhibitory motor 
neurons in the circular and longitudinal muscular 
layers [37, 38].

The bolus moves through the corpus and the 
antrum by way of peristaltic contractions at the 
pace of the slow wave. It undergoes gastric mix-
ing while progressing toward the pyloric sphinc-
ter, whereby the bolus is broken down by its 
exposure to progressively intensifying phasic 
contractions and secreted acids/enzymes. During 
this time, the pyloric sphincter contracts to slow 
gastric emptying such that the retroceding mix-
ture is subject to further processing and homog-
enization by antral contractions [39]. Here, 
continuous trituration and mixing of solids result 
in the production of chyme – a semifluid mass of 
partially digested food. During postprandial 
emptying, the pylorus relaxes at intermittent 
intervals to allow the exit of chyme (processed to 
a size <0.5–2 mm) in small amounts into the duo-
denum of the small intestine. Relaxation of the 
pyloric sphincter, as in other areas of the GI tract, 
is enabled by the NO-releasing inhibitory myen-
teric motor neurons [40].

During development in the mouse, nNOS neu-
rons are one of the first enteric neuron subpopula-
tions to emerge at embryonic day 11.5 and rapidly 
increase in numbers over the subsequent 2 days to 
E13.5 (Fig.  29.1a) [41, 42]. In the adult, NOS 
neurons comprise approximately 26% of total 
intestinal neurons, with ~90% of NOS neurons 
being inhibitory motor neurons and 10% inter-
neurons (Fig. 29.1b) [42, 43]. Produced by neuro-
nal nitric oxide synthase (nNOS), NO relaxes 
smooth muscle through actin cytoskeleton reorga-
nization [44–47]. Loss of NOS neurons, or defi-
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Fig. 29.1 NOS neurons in the enteric nervous system. 
Expression of nNOS (yellow; closed arrows) and calbin-
din (cyan; open arrows) in mutually exclusive populations 

of Hu+ neurons (red) in the pyloric region of the stomach 
at (a) embryonic day 13.5 and (b) the adult mouse

ciency in nNOS production of NO, can lead to a 
loss in swallow-induced LES relaxation, known 
as esophageal achalasia, and a loss in pylorus 
relaxation, known as gastroparesis [1, 2].

29.3  Upper GI Dysfunction 
at the Lower Esophageal 
and Pyloric Sphincters

29.3.1  Esophageal Achalasia

Esophageal achalasia is an idiopathic upper GI 
motility disorder characterized by the loss of 
LES relaxation and is estimated to affect 1–10 in 
every 100,000 people [2, 3, 8]. The LES acts as a 
one-way valve, allowing a bolus to pass into the 
stomach, without allowing reflux [21]. Patients 
suffering from achalasia experience reduced 
quality of life due to chronic symptoms including 
regurgitation, transfer dysphagia and vomiting, 
as well as a 10–50 times greater risk of  developing 
esophageal cancer [48, 49]. Clinical studies in 
early achalasia observed maintenance in cholin-
ergic populations and severe reduction in NOS 
neurons [50]. The loss of nitrergic neurons causes 

an imbalance between excitatory and inhibitory 
responses, increasing LES pressure [50]. 
Cytotoxic T-cell infiltration into the myenteric 
plexus of achalasia sufferers indicates a possible 
role of immune-mediated destruction on neurons 
[7]. This process beginning with NOS neuron 
and ICC degeneration progresses to cholinergic 
neurons, leading to complete loss of esophageal 
peristalsis [2, 3, 7, 48]. Infectious agents such 
Herpes Simplex Virus (HSV) and protozoal 
infection may initiate inflammation, with HSV 
DNA fragments being found in tissue of primary 
achalasia sufferers [51, 52]. This is further sup-
ported by recent detection of anti-HU neuronal 
antibodies circulating in the serum of achalasia 
sufferers [53]. Likewise, recent investigation into 
NOS neuron depletion from cytotoxic secretory 
products released by eosinophils in the esopha-
gus is further illuminating the role of immune 
dysregulation in achalasia [54, 55].

29.3.2  Gastroparesis

Described as delayed or failed gastric emptying 
into the small intestine, gastroparesis occurs 
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when neuro-musculature control of the pylorus is 
lost, leading to a loss of stomach peristalsis [2, 3]. 
Affecting 10–40 in 100,000 people, with a higher 
prevalence in women, gastroparesis presents as 
early satiety, gastric bloating, vomiting, and 
weight loss [3, 5]. Gastroparesis is classified into 
three groups: idiopathic, diabetic, and post- 
surgical [5, 56, 57]. There is a higher prevalence 
of gastroparesis in diabetic patients, with data 
suggesting that gastroparesis can develop in 
20–55% of patients with type 1 diabetes and up 
to 30% of patients with type 2 diabetes [58]. 
Recent studies have investigated the role of dis-
tinct dysregulated immune profiles in idiopathic 
gastroparesis patients, where they observed his-
tological abnormalities, such as increased macro-
phage immunoreactivity and CD45+ leukocyte 
infiltration of the mucosa [57, 59–61]. It is now 
believed that dysregulation of the immune sys-
tem can drive idiopathic and diabetic  gastroparesis 
via the loss of NOS neurons and ICC [56, 62]. 
Decreased nNOS expression has also been linked 
to diabetic gastroparesis, and in some cases idio-
pathic gastroparesis, and may be due to reduced 
dimerization of nNOS [6, 59, 60]. The loss of 
NOS can affect ICC levels, with nNOS-deficient 
mice showing a 50–70% decrease in ICC [59]. 
There is an emerging link between diabetic gas-
troparesis and PDGFα+ interstitial cells, with 
findings of increased glucose levels correlating to 
increased PDGFα+ expression of nNOS, poten-
tially explaining why low glucose can cause a 
loss of nitrergic signal transduction [63].

29.4  Advances in Cell 
Replacement of nNOS 
Neurons

To investigate upper GI motility disorders, mouse 
models of enteric neuropathy have been gener-
ated. Using conventional gene targeting, an 
nNOS-knockout mouse was generated by replac-
ing exon 1 which contains the promoter of NOS1 
with a neomycin antibiotic resistance gene [64]. 
The resultant mice exhibit features similar to that 
of humans with nNOS deficiencies, such as an 
absence of relaxation of the LES, delayed gastric 

emptying of both liquids and solids, dilation of 
the gastrointestinal tract, reduction in ICC, and 
hypertrophic pyloric stenosis [40, 59, 64]. 
However, this model does not always present in 
the same way as humans. For example, in nNOS- 
deficient mice, there is a global loss of nNOS, 
whereas in humans, NOS neurons are lost in a 
localized manner [40]. This means that nNOS- 
deficient mice exhibit non-classical pathophysi-
ology of diseases, such as pyloric hypertrophy, 
which is driven by generalized gastric thickening 
instead of pyloric NOS neuron depletion in 
humans [40]. Likewise, these mice still exhibit 
inhibitory neuronal responses, mediated by other 
inhibitory neurotransmitters or peptides.

Cell therapy to restore nitrergic responses 
requires donor nNOS precursors to surviving, 
proliferate, and integrate into an environment 
which may be actively depleting nNOS neurons 
[1, 12]. In 2005, Micci et al. were the first labora-
tory to explore the efficacy of pyloric transplanta-
tion of CNS neural precursors on gastric emptying 
and pyloric function in the nNOS-deficient gas-
troparesis model [65]. They were able to show 
that 1 week after transplantation, the gastric emp-
tying of the nNOS-deficient mice significantly 
improved and that grafted neurons expressed 
nNOS [65]. However, long-term survival and 
integration of grafts were not shown, with grafts 
only surviving 1 week, even in the presence of 
caspase inhibitors to increase survival [65, 66]. 
While this was an important proof of principal 
study, CNS precursors may not be a practical or 
ethical source for cell therapies [11]. Endogenous 
ENS precursors are both more easily accessible 
and efficient at colonizing the gut [67] and have 
been shown to be long-lasting following engraft-
ment into the colon [68].

Numerous laboratories have subsequently 
shown survival, migration, and proliferation of 
donor ENS precursors in the GI tract [10, 68–71]. 
However, most of these studies had not investi-
gated nNOS-deficient mice [25, 40]. More 
recently, McCann et  al. transplanted endoge-
nously derived ENS neurospheres, composed of 
multipotent ENS precursors, into the colon of 
nNOS-deficient mice [72]. Four weeks post- 
transplantation, the donor cells formed networks, 
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colonizing on average 5.46 ± 0.5 mm from the site 
of transplant, forming ganglionic structures, and 
generating NOS neurons [72]. This indicated that 
donor progenitors retain their migratory ability in 
the adult environment, which is especially impor-
tant for patients who may have adult-onset loss of 
neurons. Electrophysiology and electrical field 
stimulation (EFS) of basal contractile patterns 
showed that donor cells were electrically active 
and contributed to EFS-induced reflexes, translat-
ing to reduced total intestinal transit time [72].

Alterations in the ICC population are often 
observed in gastroparesis and achalasia patients. 
Interestingly, ENS precursor transplants restored 
ICC numbers to wild-type levels in nNOS-KO 
mouse colon, indicating that donor cells can 
modulate the neuro-musculature of the host envi-
ronment [72]. Ultimately, these findings indicate 
that cell replacement therapy is capable of 
 rescuing nitrergic responses, altering motility in 
the colon, and restoring ICC networks. This, 
combined with the work of Micci et al., could be 
clinically beneficial to target upper GI motility 
disorders such as gastroparesis and achalasia.

29.5  Analysis of Neural Function 
and Network Integration

One of the challenges in assessing the efficacy 
of cell therapy is the analysis of functional inte-
gration and contribution of donor cells to the 
ENS reflex circuits [11]. In ex vivo preparations 
of gut after donor cell transplantation, classical 
focal electrical stimulation will elicit responses 
in endogenous neurons, making the determina-
tion of effects of grafted cells difficult. Recent 
development of mice expressing channelrho-
dopsin-2 (ChR2) in enteric neural crest-derived 
cells allows the use of optogenetics for selective 
stimulation of donor neurons [71]. Isolated from 
the green algae Chlamydomonas reinhardtii, 
ChR2 is a light-gated, cation-selective ion chan-
nel which can be activated using 473  nm blue 
light to depolarize cells within tissues and acti-
vate neurons [73]. In our previous studies, we 
combined optogenetics, physiological record-
ings, and pharmacological perturbations which 

selectively stimulated our donor cells and dem-
onstrated innervation of the gut by different func-
tional classes of graft-derived enteric neurons, 
including interneurons and excitatory and inhib-
itory motor neurons [71]. Electrophysiological 
recordings from graft-derived cells have shown 
that they generate neurons which receive syn-
aptic inputs and can fire action potentials [10]. 
Calcium imaging has also be used to show cal-
cium transients in graft-derived neurons, indica-
tive of their electrical activity [74]. In this study, 
the authors transduced the ENS precursors 
with the genetically encoded calcium indica-
tor GCAMP3. Subsequently, they showed that 
their transplanted cells displayed spontaneous 
calcium transients, as well as transients evoked 
by focal electrical stimulation of the endog-
enous nerve fibers, indicating not only that the 
cells were electrically active but also that they 
had integrated into the existing neural network 
([68]).

29.6  Protocols for Generation 
of ENS-Like Cells from iPSCs

Cell therapy for upper GI motility disorders 
requires accessible sources of ENS progenitors 
for transplantation [11, 12]. Stem cell sources 
need to be easily cultivated and safe for long- 
term transplant. Endogenous multipotent ENS 
precursors demonstrate long-term colonic inte-
gration and could be patient-derived [11, 12, 68]. 
However, difficulty in isolating the ENS progeni-
tors, their limited capacity for self-renewal under 
existing in  vitro culture conditions, and the 
potential difficulty in correcting disease-causing 
genetic defects are some of the caveats for their 
use in clinical application. Embryonic stem cells, 
while capable of unlimited expansion and capa-
ble of forming all cell lineages, are associated 
with some ethical hurdles which hinder their 
application in cell therapy. Induced pluripotent 
stem cells (iPSCs), generated from somatic cells 
by expression of Oct4, Sox2, Klf4, and c-Myc, 
possess in somatic, differentiated cells, possess 
the self-renewal and pluripotent capacities of 
embryonic stem cells, but avoid the use of human 
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embryos and also have the added benefit of 
potentially be patient-derived [75].

Since 2005, there have been significant devel-
opments in determining how to program pluripo-
tent stem cells into neural crest cells, which 
comprise much of the nervous system [76]. The 
majority of the ENS is derived from vagal neural 
crest cells, which migrate extensively at the wave-
front of the developing gut [77–79]. However, 
early methods had challenges in reliably generat-
ing vagal neural crest cells, containing mainly 
HOX-negative cranial neural crest cells [70, 76, 
80, 81]. Likewise, the adoption of feeder-free 
maintenance of iPSCs has also changed how the 
methods are approached [82]. Neural crest lin-
eages through free-floating embryoid bodies and 
subsequent FACS sorting for P75 have been uti-
lized to generate ENS-like neurons [70, 83]. 
These ENS-like cells generated from iPSCs were 
capable of colonizing aganglionic in vitro embry-
onic chick gut and differentiating into many of the 
key neural lineages with faithful recapitulation of 
expression patterns [70].

More recently, there has been the develop-
ment of chemically defined protocols utilizing 
dual SMAD inhibition for neural induction, 
then subsequent vagal neural crest specification 
and ENS induction [82, 84, 85]. Small molecule 
inhibition of SMAD via TGF-β and BMP sig-
naling pathways has been regularly used to gen-
erate neural lineages for the CNS [86]. These 
protocols have been more recently adopted and 
refined for neural crest and ENS induction [87]. 
Controlled Wnt, BMP4, and retinoic acid sig-
naling direct neural crest induction, delamina-
tion of dorsal neural crest cells, and regional 
specification for vagal neural crest cells [82, 84, 
85, 87]. Hence, the resulting cells express the 
key vagal neural crest markers HOXB3 and 
HOXB5 and key markers of enteric neural pre-
cursors such as SOX10, PHOX2B, EDNRB, and 
ASCL1 [82, 84, 85]. The ENS-like precursors 
are capable of giving rise to excitatory and 
inhibitory neurons, as well as enteric glial cells. 
Such observations indicate that these ENS-like 
precursors faithfully recapitulate neural com-
mitment and subtype development. One of the 
key unanswered questions regarding cell ther-
apy for upper GI motility disorders, which often 

involve the loss of a specific subtype of neuron, 
is whether a mixed population of ENS precursor 
cells is sufficient to restore the ENS network 
and normal gut function or whether a targeted 
approach to replace only the nNOS neurons, for 
example, is required.

29.7  Conclusion

There is an urgent, unmet need for effective long- 
term therapies that treat the cause, rather than just 
the symptoms of digestive diseases such as acha-
lasia and gastroparesis. Using stem cells to 
replace the damaged ENS in the achalasia and 
gastroparesis patients has the potential to lead to 
a significant improvement of quality of life of the 
patients. These chronic disorders are extremely 
debilitating and have significant impact on the 
well-being of sufferers. Stem cell therapies have 
the potential to establish a new paradigm for the 
treatment of a range of gastrointestinal motility 
disorders.
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30Epithelial 5-HT4 Receptors 
as a Target for Treating 
Constipation and Intestinal 
Inflammation
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and Brigitte Lavoie

Abstract

Because of their importance in the regula-
tion of gut functions, several therapeutic tar-
gets involving serotonin-related proteins 
have been developed or repurposed to treat 
motility disorders, including serotonin trans-
porter inhibitors, tryptophan hydroxylase 
blockers, 5-HT3 antagonists, and 5-HT4 
agonists. This chapter focuses on our discov-
ery of 5-HT4 receptors in the epithelial cells 
of the colon and our efforts to evaluate the 
effects of stimulating these receptors. 5-HT4 
receptors appear to be expressed by all epi-
thelial cells in the mouse colon, based on 
expression of a reporter gene driven by the 
5-HT4 receptor promoter. Application of 
5-HT4 agonists to the mucosal surface 
causes serotonin release from enterochro-
maffin cells, mucus secretion from goblet 

cells, and chloride secretion from entero-
cytes. Luminal administration of 5-HT4 ago-
nists speeds up colonic motility and 
suppresses distention-induced nociceptive 
responses. Luminal administration of 5-HT4 
agonists also decreases the development of, 
and improves recovery from, experimental 
colitis. Recent studies determined that the 
prokinetic actions of minimally absorbable 
5-HT4 agonists are just as effective as 
absorbable compounds. Collectively, these 
findings indicate that targeting epithelial 
receptors with non- absorbable 5-HT4 ago-
nists could offer a safe and effective strategy 
for treating constipation and colitis.

Keywords

Mucosal drug target · Serotonin · Motility · 
Colitis

Serotonin (5-hydroxytryptamine; 5-HT) is 
widely considered to be an important signaling 
molecule in the gastrointestinal (GI) tract. 
Because serotonin signaling influences various 
sensory, motor, and secretomotor functions in the 
gut, a variety of therapeutic strategies involving 
serotonin-related molecules have been tested and 
used clinically [9]. These include drugs that 
interact with the serotonin selective reuptake 
transporter (SERT), tryptophan hydroxylase 1, 
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5-HT1 receptors, 5-HT3 receptors, and 5-HT4 
receptors. Here, we focus on 5-HT4 receptors 
located in the intestinal epithelium as potential 
targets for the treatment of constipation and 
inflammation.

30.1  Expression of 5-HT4 
Receptors by Colonic 
Epithelial Cells and Effects 
of Their Stimulation 
on Motility and Nociception 
[4]

Luminal Administration of 5-HT4 Agonists 
Promotes Propulsive Motility Our first indica-
tion that 5-HT4 receptors might be expressed by 
epithelial cells came from propulsive motility 
studies using the guinea pig distal colon motility 
assay. At the time, 5-HT4 agonists were thought 
to activate receptors located on the myenteric 
nerve fibers. When we added 5-HT4 agonists to 
the bathing solution where the agonist would be 
able to access these fibers, we did not detect an 
increase and propulsive motility. Rather in vari-
ous experiments motility either stayed the same 
or slowed down. On the other hand, when the 
agonist was infused into the lumen of the colon, 
propulsive motility increased by about 20%, and 
this effect was inhibited by 5-HT4 antagonists. 
This result was consistent with findings of Grider 
and colleagues [5, 6], who had studied the effects 
of various luminally administered 5-HT4 agonists 
using the same preparation and proposed that the 
agonists probably penetrated the epithelial bar-
rier and activated receptors located on intrinsic 
afferent axons located in the lamina propria. In 
various experiments involving agonists and 
antagonists in combination, we could not find 
evidence of these compounds passing through 
the epithelium; therefore, we investigated 
whether 5-HT4 receptors might be expressed by 
epithelial cells.

Identification of Epithelial Cells That Express 
the 5-HT4 Receptor The most expeditious 
way of determining whether a given set of cells 

expresses a protein of interest is with immuno-
histochemistry. Unfortunately, we failed in our 
efforts to immunostain sections of the GI tract 
because the available anti-5-HT4 receptor anti-
bodies did not yield specific staining in our 
hands. We therefore resorted to evaluating 
intestinal samples from BAC transgenic mice 
in which the promotor for the 5-HT4 receptor 
gene drives expression of green fluorescent 
protein. In tissue sections from these mice, we 
observed GFP in enteroendocrine (EE) cells of 
the duodenum and jejunum, and in the ileum, 
GFP was expressed by EE cells and in cells at 
the base of the crypts. By far, the most exten-
sive expression was found in the colon, where 
it appeared that all epithelial cells were GFP 
positive. This pattern of expression in the 
mouse GI tract was consistent with the mRNA 
levels of 5-HT4 receptor detected in epithelial 
scrapings from these regions, with a progres-
sive increase in 5-HT4 receptor RNA observed 
along the gut, highest levels in the colon, and 
nondetectable in the stomach. In human muco-
sal biopsy samples, 5-HT4 receptor RNA levels 
were relatively high in the duodenum, proxi-
mal colon, and distal colon and highest in the 
terminal ileum. Recently, we have obtained a 
5-HT4 antiserum that provides specific 
immunestaining in the GI tract, and we found a 
similar pattern of immunoreactivity, with epi-
thelial staining along the intestines, and the 
most intense immunoreactivity in the ileum 
[8].

The idea that most if not all cells in the 
mouse colonic epithelium appeared to express 
the 5-HT4 receptor was somewhat surprising to 
us. It was clear that enterocytes were GFP posi-
tive, but we used immunohistochemistry to 
directly determine whether enterochromaffin 
(EC) cells and/or goblet cells also expressed the 
receptor. We found that both 5-HT immunore-
active and MUC2 immunoreactive cells were 
also GFP positive in tissue from the 5-HT4-
BAC mouse.

Functional studies focused on these three 
cell types demonstrated that secretory 
responses are activated in enterocytes, EC 
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cells, and goblet cells by application of 5-HT4 
agonists to the luminal surface. An Ussing 
chamber was used to evaluate agonist-induced 
chloride currents, continuous amperometry 
was used to measure 5-HT release, and histo-
logical evaluation of cavitation in goblet cells 
was used to test for mucus secretion. In all 
cases, 5-HT4 agonists evoked release events 
that were blocked by a selective 5-HT4 antago-
nist, but not by tetrodotoxin, indicating that the 
agonists were acting directly on the epithelial 
cells as opposed to stimulating neurogenic 
secretion.

Luminal Administration of 5-HT4 Agonists 
Dampens Nociceptive Responses Arising in 
the Colon Studies of animal models and data 
from human clinical trials provided evidence 
for an anti-nociceptive effect of 5-HT4 agonists 
[1, 2]. Therefore, in collaboration with Dr. 
Beverley Greenwood-Van Meerveld at the 
University of Oklahoma, we tested whether 
intraluminal infusion of a 5-HT4 agonist into 
the large intestine would dampen viscero-
somatic reflex (VSR) responses in rats that 
were hyper-responsive to balloon distension. 
Infusion of the 5-HT4 agonist into the cecum 
dampened the VSR response in a dose-depen-
dent manner, and this effect was blocked by a 
5- HT4 antagonist.

Taken together, these studies demonstrated 
that 5-HT4 receptors are expressed by a num-
ber of cell types in the colonic epithelium 
whose secretory activities could promote 
motility and alleviate constipation. 
Furthermore, luminal administration of the 
agonist dampened nociceptive responses origi-
nating in the colon.

We concluded at this point that targeting these 
receptors with nonabsorbable 5-HT4 agonists 
might provide a safe and effective treatment for 
constipation. While newer 5-HT4 receptor agonists 
have had a good safety profile, the existence of 
5-HT4 receptors in the brain and peripheral tissues 
such as the heart provides an incentive to limiting 
exposure to effective target tissues when possible.

30.2  Attenuation of Colitis by 
Luminally Administered 
5-HT4 Agonists [12]

Effects of Agonist Treatment on Experimental 
Colitis in Mice Disruption of the mucus barrier 
with mucolytic agents or deletion of the mucin 2 
gene in mice results in colitis [7, 13]. The finding 
that 5-HT4 receptors are expressed by goblet cells 
and that stimulation of these receptors causes 
goblet cell degranulation led us to hypothesize 
that 5-HT4 agonists might be protective in colitis. 
We therefore tested the effects of enema adminis-
tration of a 5-HT4 agonist on the development 
and recovery from colitis using two established 
murine models of colitis: the dextran sodium sul-
fate (DSS) and trinitrobenzene sulfonic acid 
(TNBS) models. Outcome measures were dis-
ease activity index throughout the course of treat-
ment and postmortem histological damage 
scores. In both models, the extent of colitis was 
decreased when agonist administration was initi-
ated on the same day that colitis was induced. 
Furthermore, recovery from colitis was acceler-
ated when agonist administration began after 
colitis was established. In both cases, the effects 
of the agonist were blocked by 5-HT4 antagonist 
administration. The protective effects of the ago-
nist were not observed in 5-HT4 receptor knock-
out mice, or when the agonist was administered 
by intraperitoneal injection.

It is possible that one of the mechanisms respon-
sible for the protective and healing actions of 5-HT4 
receptors stimulation involves epithelial healing. 
Enema administration of 5-HT4 agonists increased 
epithelial proliferation in mice, and experiments 
involving Caco-2 cells demonstrated that 5-HT4 
agonists promote epithelial migration and cause a 
resistance to oxidative stress-induced apoptosis.

The results summarized above support the 
view that pharmacological stimulation of epithe-
lial 5-HT4 receptors could be helpful in acceler-
ated remission in cases of colitis. To test whether 
5-HT4 receptors exert actions physiologically, we 
treated healthy mice with a 5-HT4 receptor antag-
onist alone. In these mice, we detected a decrease 

30 Epithelial 5-HT4 Receptors as a Target for Treating Constipation and Intestinal…



332

in epithelial proliferation, an increase in bacterial 
translocation to lymph nodes, and elevated dis-
ease activity index and histological damage 
scores. Higher histological damage scores were 
also encountered in 5-HT4 receptor knockout 
mice as compared to wild-type littermates. These 
findings indicate that in addition to having poten-
tial as a target for treating inflammatory bowel 
disorders, 5-HT4 receptors likely play a role in 
maintaining the epithelial layer of the colon.

30.3  Prokinetic Effects 
of Luminally Acting 5-HT4 
Receptor Agonists [8]

The results described above strongly support the 
existence of epithelial 5-HT4 receptors and 
strongly suggest that stimulation of these recep-
tors could have beneficial actions in cases of con-
stipation and colitis. The previously described 
studies were testing the actions of intra-luminally 
infused 5-HT4 agonists using compounds that are 
absorbable and designed with the idea that they 
would be distributed via the circulation. Therefore, 
it is possible that the actions we were observing 
involved actions of agonist that was absorbed and 
acted on other 5-HT4 receptors, such as those 
expressed by enteric neurons. To more rigorously 
test the hypothesis that epithelial 5-HT4 receptors 
are a potential target to treat constipation and coli-
tis, we entered a collaborative partnership with 
Dr. Jill Wykosky and her colleagues in the GI 
Drug Discovery Group at Takeda Pharmaceuticals. 
They generated compounds based on the 5-HT4 
agonists, prucalopride and naronapride, that were 
modified to prevent absorption. These com-
pounds, which were found to be highly selective 
for the 5-HT4 receptor, are called 5HT4-LA1 and 
5HT4-LA2, respectively, for their luminally act-
ing (LA) properties. When applied by gastric 
gavage in bioavailability studies, they were 
detected at concentrations 10,000-fold higher in 
the colon than in the serum, where the compounds 
were barely, and transiently, detectable.

To assess the effects of luminally acting 5-HT4 
agonists on intestinal motility, their actions were 
evaluated using a series of motility assays includ-
ing whole GI transit, colonic motility, fecal out-
put, and fecal water content. Both 5HT4-LA1 
and 5HT4-LA2 significantly shortened whole GI 
transit time, and this effect was inhibited by 
5-HT4 antagonist treatment and was absent in 
5-HT4 receptor knockout mice. The decrease in 
transit time was more significant in response to 
5HT4-LA1 (P ≤  0.0001) than for prucalopride 
(P ≤ 0.01), the absorbable compound it is based 
on, supporting the view that targeting the 5-HT4 
receptor with this deliver strategy could improve 
effectiveness of the treatment. Both luminally 
acting agonist compounds also increased the 
speed of colonic motility, assessed by the glass 
bead expulsion assay, the number of fecal pellets 
expelled per hour, and the water content of the 
feces.

The prokinetic effects of the two luminally 
acting 5-HT4 agonists were also evaluated in two 
conditions that have been demonstrated to be 
associated with slower motility. Chronic consti-
pation is frequently associated with altered GI 
function in elderly humans, and a constipation 
phenotype has also been demonstrated in aged 
mice [10, 14]. In our hands, aged mice (18–
24  months) exhibited decreased fecal output as 
compared to young mice at baseline, and 
5HT4-LA1 reversed this age-induced constipa-
tion by causing an increase in fecal pellet 
output.

Multiple sclerosis is another condition that is 
associated with constipation [3], and we have 
previously demonstrated that mice with experi-
mental autoimmune encephalomyelitis (EAE) 
exhibit slowed whole gut transit and colonic 
motility, as well as decreased fecal water con-
tent [11]. In our recent study we confirmed the 
constipation phenotype in EAE mice, and we 
demonstrated that 5HT4-LA1 completely 
restored whole gut transit, colonic motility, and 
fecal water content to baseline levels in these 
mice.
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30.4  Concluding Remarks

While the net effects of the activation of epithe-
lial 5-HT4 receptors, namely enhanced motility, 
decreased nociception, and improved healing 
from inflammation, are becoming clear, the pre-
cise mechanisms that are responsible for these 
responses have not yet been resolved. In the case 
of the prokinetic actions, water secretion, 5-HT 
release, and/or mucus secretion could all poten-
tially contribute to enhanced motility. Regarding 
the anti-nociceptive action that was clearly 
observed in response to intraluminal infusion of 
5-HT4 agonists, it is simply not clear at this point 
how activation of a receptor that activates the 
cAMP-PKA pathway could dampen nociceptive 
signals from the gut. As for the ability of 5-HT4 
receptor stimulation dampen the extent of, and 
improve recovery from, inflammation, several 
contributing mechanisms could be involved. As 
described above, recovery of epithelial integrity, 
involving epithelial proliferation, enhanced epi-
thelial wound healing, and resistance to oxidative 
stress is likely to be a contributing factor. This is 
important because recovery of mucosal integrity 
is a key feature in reaching and maintaining 
remission from inflammation. Other factors to be 
explored in the future include barrier function, 
mucus secretion, and direct interactions with 
immune cells in the lamina propria.

In conclusion, the results of the studies out-
lined here provide clear evidence for a role of 
5-HT4 receptors in the intestinal epithelium, and 
these receptors deserve further investigation as 
targets for treating constipation and intestinal 
inflammation.
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