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Abnormal development or disturbed functioning of the enteric nervous system (ENS), the intrinsic in-
nervation of the gastrointestinal tract, is associated with the development of neuropathic gastrointestinal
motility disorders. Here, we review the underlying molecular basis of these disorders and hypothesize
that many of them have a common defective biological mechanism. Genetic burden and environmental
components affecting this common mechanism are ultimately responsible for disease severity and
symptom heterogeneity. We believe that they act together as the fulcrum in a seesaw balanced with
harmful and protective factors, and are responsible for a continuum of symptoms ranging from neuronal
hyperplasia to absence of neurons.
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1. Introduction

Normal motility of the gastrointestinal (GI) tract is reliant on
complex patterns of smooth muscle contractions and is dependent
upon the coordinated action of the enteric nervous system (ENS),
smooth muscles cells (SMCs) and interstitial cells of Cajal (ICC).
Developmental defects affecting specific cell types or disturbing
proper functioning of the ENS, SMCs or ICC, result in variable de-
grees of abnormal motility, eventually leading to the development
of intestinal neuromuscular disorders (Goldstein et al., 2016;
Knowles et al., 2013; Panza et al., 2012). Based on the cell type
affected, these disorders can be divided into three subtypes:
neuropathies (neuronal defects), myopathies (SMC defects), or
mesenchymopathies (ICC defects). However, it is important to note
that the development and function of these cell types are inter-
connected (Furness et al., 2014; Gulbransen and Sharkey, 2012;
Hao et al., 2016; Sanders et al., 2014), and determining whether a
defective cell type is the underlying cause of a disorder, or if the
cellular defects are instead a consequence, is not always straight-
forward. In this review we will focus on enteric neuropathies. We
will first describe what is known about the genetics underlying the
development of these disorders, and the molecular mechanisms
involved in their onset. Moreover, we will discuss enteric neuro-
pathies from a “spectrum” point of view, as many of these dis-
orders are characterized by a continuum of symptoms ranging
from severe and evident from birth or even antenatally, to rela-
tively mild or late onset.
2. Enteric neuropathies

Enteric neuropathies can be present along the entire GI tract
(see Table 1 for examples). Esophageal achalasia, gastroesophageal
reflux disease (GERD), gastroparesis and hypertrophic pyloric
stenosis are neurogenic disorders of the upper GI tract. Intestinal
Neuronal Dysplasia (IND), the neuronal subtype of chronic in-
testinal pseudo-obstruction (CIPO), functional constipation,
Hirschsprung disease (HSCR) and internal anal sphincter achalasia
(IASA) on the other hand, are disorders affecting the lower GI tract.
However, it is often common that upper and lower Gl symptoms
are present in the same individual. In this section we will focus on
each of these disorders and outline what is known about them.

2.1. Esophageal achalasia

Patients with esophageal achalasia are characterized by ab-
normal esophageal contractility with lack of coordinated peri-
stalsis. In addition, the lower esophageal sphincter (LES) does not
relax due to disruption of endogenous innervation (Pandolfino and
Gawron, 2015), leading to an elevated resting pressure. Achalasia
can result from neuronal damage caused by an autoimmune dis-
order (Kraichely et al., 2010), or due to specific infections (Becker
et al., 2016; Boeckxstaens, 2008; de Oliveira et al., 1995). Histolo-
gical examinations of patient material revealed severe reductions
in myenteric ganglia (Goldblum et al., 1994), nitric oxide synthase
producing neurons (nNOS) and numbers of ICC (Gockel et al.,
2008).

Evidence for a genetic component in specific subsets of patients
exists and comes from rare forms of familial esophageal achalasia
(Bosher and Shaw, 1981) and genetic syndromes such as Triple A
(Achalasia-addisonianism-alacrimia) syndrome (Tullio-Pelet et al.,
2000), infantile-onset achalasia and autism (Shteyer et al., 2015;
Taketomi et al., 2005), and Alport syndrome (Leichter et al., 1988).
Recently, a genetic susceptibility locus was found in the HLA-DQ
region (Gockel et al., 2014), linking immune response to an in-
creased genetic risk. Recessive variants present in the Guanylate
Cyclase 1, Soluble, Alpha 3 gene (GUCY1A3) (Herve et al., 2014),
and in the GDP-Mannose Pyrophosphorylase A gene (GMPPA)
(Koehler et al., 2013) were also found in patients where achalasia
is part of a complex series of symptoms. However, mouse models
where the expression of these two genes has been abolished
showed no signs of impaired esophageal peristalsis (Buys et al.,
2013; Lyon et al., 1996). The only mouse models described to date
which showed achalasia-type features are the Nitric Oxide Syn-
thase 1 (Nos1) (Sivarao et al., 2001), the Association (RalGDS/AF-6)
Domain Family Member 1 (Rassf1a) (van der Weyden et al., 2009),
the Sprouty RTK Signaling Antagonist 2 (Spry2), and the Collagen,
Type IV, Alpha 4 (Col4a4) (Arnold et al., 2011) mice. To date, no
genetic variations in RASSF1A or SPRY2 have been described in
patients with achalasia, but recessive pathogenic variants in NOS1
result in infantile-onset achalasia and autism (Shteyer et al., 2015;
Taketomi et al., 2005), and variants in COL4A4 were identified in
patients with X-linked dominant Alport syndrome – deafness –

nephropathy, which can also develop achalasia (Mochizuki et al.,
1994).

2.2. Gastroesophageal reflux disease

In gastroesophageal reflux disease (GERD) there is a retrograde
flow of stomach contents to the esophagus predominantly due to
transient relaxation of the lower esophageal sphincter (LES), in-
dependent of swallowing or peristalsis. GERD is a multifactorial
condition, in which the autonomic nervous system, sympathetic
(Pfeiffer, 2001) and parasympathetic (Chakraborty et al., 1989;
Cunningham et al., 1991; Djeddi et al., 2013), fails to properly
control relaxation of the LES. As a consequence, GERD is con-
sidered to be an autonomic nervous system defect, not an enteric
neuropathy, but patients with GERD can also have motility defects
in the upper (Lundell et al., 1996) and lower GI tract, as seen for
instance in Cornelia de Lange syndrome (Deardorff et al., 2012;
Luzzani et al., 2003). Unsurprisingly GERD has also been associated
with neurological conditions such as cerebral palsy, and can pre-
sent after esophageal repair of esophageal atresia (Kovesi and
Rubin, 2004). To date, no gene(s) have been identified as the
causative factor of GERD, although association studies have poin-
ted towards the involvement of the 13q14 region (Champaigne
et al., 2009; Hu et al., 2004). Moreover, there are human genetic
syndromes where patients develop GERD and for which the cor-
responding animal model has GI motility problems (Kiefer et al.,
2003; Kiefer et al., 2008; Spring et al., 2005), confirming the in-
volvement of a genetic component in the development of this
disorder.

2.3. Hypertrophic pyloric stenosis

Infantile hypertrophic pyloric stenosis (IHPS), a common pe-
diatric disorder characterized by projectile vomiting, has been
suggested to be caused by lack of coordination between the
movements of the pyloric sphincter and the contractions of the
stomach (Hayes and Goldenberg, 1957). Patients with congenital



Table 1
Examples of intestinal neuropathies.

Neuromuscular disorder Location Clinical manifestation Neuronal, mesenchymal or muscular Histological findings Human associated genes$

Upper GI-tract
Esophageal achalasia Esophagus Lack of coordinated esophageal

peristalsis
Enteric neuropathy? Reductions in myenteric ganglia, NOS neurons and

ICC
Mostly susceptibility loci as a feature in
a rare genetic syndromea,d

Gastroesophageal reflux
disease

Esophagus Gastroesophageal reflux Autonomous nervous system defect Usually normalb Not yet identified

Gastroparesis Stomach Delayed motility and increased sen-
sitivity to mechanical distention

Mesenchymopathy or enteric
neuropathy?

Decreased ICC cell numbers are sometimes
observed

Susceptibility locus (CCKAR); as a fea-
ture in a genetic syndrome a,e

Infantile pyloric stenosis Pyloric
sphincter

Hypertrophy of pyloric muscle Myopathy or enteric neuropathy? Thickened and disorganized longitudinal and cir-
cular muscle layers; lack of nerves expressing nNOS
and reduced neuronal density

Mostly susceptibility loci; as a feature in
a rare genetic syndromea,f

Lower GI-tract
Chronic Intestinal Pseudo-
Obstruction

Small intestine Bowel obstruction Different subtypes: Enteric neuropathy;
mesenchymopathy and myopathy

Inflammation of the lamina propria and myenteric
plexus; reduced ICC number

Depending on subtype e.g. RAD21,
SGOL1, POLG, FLNA; SOX10; L1CAMg

Intestinal neuronal dysplasia Large intestine Bowel obstruction Myopathy or enteric neuropathy Giant cells in the submucosal nerve plexus Not yet identified
Slow transit constipation Intestine Constipation Myopathy or enteric neuropathy None Mostly susceptibility loci; as a feature in

a genetic syndromea,h

Hirschsprung disease Colonc Bowel obstruction Enteric neuropathy Lack of enteric neurons Mainly RET and EDNRB; few suscept-
ibility loci; as a feature in a rare genetic
syndromea,i

Internal anal sphincter
achalasia

Anus Obstructed defecation Enteric neuropathy None Not yet identified; as a feature in a rare
genetic syndromea

Abbreviations: GI: gastrointestinal tract, ICC: interstitial cells of Cajal, NOS; Nitric oxide synthase.
$ Genes affected in animal models and human and corroborated reciprocally with an intestinal dysmotility phenotype.
a See the OMIM (Amberger et al., 2015) and The London Dysmorphology Database (Winter and Baraitser, 1987).
b Sometimes inflammation of the esophageal mucosa occurs as a secondary effect to GERD.
c Other segments of the intestine can also be affected in addition to the colon.
d Boeckxstaens et al., 2014; Gockel et al., 2014; Wouters et al., 2014.
e Rettenbacher and Reubi, 2001; Tahara et al., 2009.
f Peeters et al., 2012.
g Bonora et al., 2015; Chetaille et al., 2014; Clayton-Smith et al., 2009; Deglincerti et al., 2007; Kapur et al., 2010; Nishigaki et al., 2003; Van Goethem et al., 2003; Verny et al., 2008; Vondrackova et al., 2014.
h Peeters et al., 2011.
i Alves et al., 2013; Amiel et al., 2008.
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hypertrophic pyloric stenosis have decreased innervation of the
circular muscle of the pylorus and no nitric oxide synthase activity
(Vanderwinden et al., 1992), which has been shown to contribute
to a failure of relaxation. Although an involvement of all three cell
types, enteric neurons, SMCs, and ICC, has been suggested, a
neurological etiology of IHPS is further suspected from syndromic
forms, human association studies, and animal models.

To date, the main candidate gene for IHPS is NOS1, which was
identified in Genome Wide Association studies (GWAS) conducted
in a series of pyloric stenosis cases (Chung et al., 1996; Sven-
ningsson et al., 2012). The involvement of this gene in IHPS was
further corroborated by the development of the phenotype by the
Nos1 knockout mice (Huang et al., 1993). Moreover, the Glial Cell
Derived Neurotrophic Factor gene (GDNF) has been associated
with this disease, as Gdnf homozygous knockout mice showed
hypoganglionic intestines, a dilated duodenum and pyloric ste-
nosis (Sanchez et al., 1996). As for other GWAs, there may be po-
pulation specific effects (Miao et al., 2010).

2.4. Gastroparesis

Gastroparesis is a GI motility disorder characterized by delayed
gastric emptying. It can have various causes and is often difficult to
distinguish from functional dyspepsia (Stanghellini and Tack,
2014). Histologically, decreased numbers of myenteric neurons as
well as ICC (Bernard et al., 2014; Grover et al., 2012) have been
found in patients suffering from this disorder. Gastroparesis can
occur as an isolated event, but it can also be found as a symptom in
Mitochondrial recessive ataxia syndrome caused by variants in the
Polymerase (DNA Directed), Gamma gene (POLG) (Van Goethem
et al., 2004), Mitochondrial DNA depletion syndrome resulting
from deleterious genetic variation in the Thymidine Phosphorylase
gene (TYMP) (Gamez et al., 2002), and in Myotonic dystrophy
caused by variants in the Dystrophia Myotonica-Protein Kinase
gene (DMPK) (Bodensteiner and Grunow, 1984). Association stu-
dies have also linked the Cholecystokinin A Receptor gene (CCKAR)
to the development of gastroparesis (Rettenbacher and Reubi,
2001; Tahara et al., 2009). However, knockout mouse models for
Cckar and Cckbr showed contradictory results. While Cckar
knockout mice (Miyasaka et al., 2004; Takiguchi et al., 2002) had
an increased transit time (Miyasaka et al., 2004; Takiguchi et al.,
2002), Cckbr knockouts had enhanced gastric emptying (Miyasaka
et al., 2004; Nagata et al., 1996). Knockout mouse models for NOS1
(Huang et al., 1993; Sivarao et al., 2008), the Solute Carrier Family
18 gene (Slc18a2) (Chung et al., 1996; Shteyer et al., 2015; Sven-
ningsson et al., 2012; Taylor et al., 2009), and the gene trap ROSA
26 Philippe Soriano [Gt(ROSA)26S] (Klein et al., 2013) have all
developed gastroparesis. However, no variants in these genes have
been identified in patients suffering from this condition.

2.5. Intestinal neuronal dysplasia

Intestinal neuronal dysplasia (IND) is a rare pediatric disorder
characterized by bowel obstruction. It is caused by a defect in GI
innervation as a result of dysplastic embryonic development of the
ENS (Vougas et al., 2014), and can be classified in two subtypes:
type A (IND-A) and type B (IND-B). IND-A is the rarest form (5–
15%) and is characterized by hypo/aplastic sympathetic innerva-
tion. It classically presents with intestinal obstruction in early in-
fant life together with necrotizing enterocolitis (Fadda et al., 1983;
Rajalakshmi et al., 2003; Schofield and Yunis, 1992). IND-B is more
common (70–95% of cases), and is characterized by abnormal
parasympathetic innervation. It can exist as an isolated feature or
in association with HSCR (25–35% of the cases), which can explain
the recurrence of signs and symptoms following resection of the
aganglionic segment (Fadda et al., 1983; Puri, 1997; Rajalakshmi
et al., 2003). The diagnosis of IND-B is not always straightforward,
as symptoms normally mimic the ones found in HSCR. IND-B is
also considered to be a controversial disorder, as there is a high
degree of inter-observer variability (Koletzko et al., 1999). How-
ever, the presence of giant cells in the submucosal nerve plexus of
the colon is a pre-requisite for diagnosis (Meier-Ruge et al., 2006).
Due to the fact that healthy infants can show a high number of
cells per enteric ganglia, IND-B cannot be diagnosed prior to one
year of age.

A genetic component is believed to play a role in the devel-
opment of IND-A and IND-B based on reported mouse models
(Hatano et al., 1997; Shirasawa et al., 1997), but no gene has been
yet identified as the causative factor of these diseases. However,
expression of the Phosphatase and tensin homolog gene (PTEN)
was found to be reduced in patients with IND-B, and to be absent
in the aganglionic segment of HSCR patients (O'Donnell and Puri,
2011). Pten homozygous conditional knockout mice have hy-
perganglionosis and are reported to develop intestinal pseudo-
obstruction (Puig et al., 2009). Therefore, these findings suggest
that the PTEN/PI3K/AKT signaling pathway, an important driver of
ENS neurogenesis (Becker et al., 2013; Puig et al., 2009), may play a
role in the development of IND. Recently, variants on the ACTG2
gene, encoding gamma 2 enteric actin, a protein crucial for correct
enteric muscle contraction, were found in three patients affected
by Chronic Intestinal Pseudo Obstruction (CIPO) and with a his-
tological evaluation which fulfilled the diagnostic criteria for IND-
B (Matera et al., 2016). Similarly, other histopathological studies of
the myenteric and submucosal plexuses reported abnormalities of
ganglion cells in CIPO and Megacystis Microcolon Intestinal Hy-
poperistalsis syndrome patients carrying ACTG2 variants (Holla
et al., 2014; Puri and Shinkai, 2005). These results rule out the
histopathological IND picture as a feature peculiar of the sole in-
testinal innervation defects, suggesting ENS abnormalities can
occur either alongside, in parallel or subsequent to a primary non-
ENS defect.

2.6. Chronic intestinal pseudo obstruction

Chronic intestinal pseudo-obstruction (CIPO) comprises a
variety of conditions characterized by failure of GI motility without
apparent signs of lesions explaining the anomaly (Cogliandro et al.,
2007). Histological observations categorize CIPO in different clas-
ses depending on the involvement of enteric neurons, SMCs and
ICC (Cogliandro et al., 2007; De Giorgio et al., 2004). The current
understanding of its etiopathogenesis is very limited. Families
with several affected members have been described and both
syndromic and non-syndromic forms of CIPO have been reported
with three types of inheritance patterns proposed: dominant, re-
cessive and X-linked. As a consequence, several genes have been
associated with CIPO, but most of these genes have been described
for the myopathic type (Gauthier et al., 2014; Kapur et al., 2010;
Lehtonen et al., 2012; Matera et al., 2016; Wangler et al., 2014). For
the other types of CIPO the exact functional mechanism is not yet
known (Bonora et al., 2015; Chetaille et al., 2014; Deglincerti et al.,
2007; Nishigaki et al., 2003; Van Goethem et al., 2003; Verny et al.,
2008; Vondrackova et al., 2014). However, de novo heterozygous
variants in the SRY (Sex Determining Region Y)-Box 10 gene
(SOX10) have been reported in a patient where CIPO was part of a
complex group of symptoms associated with Shah-Waardenburg
syndrome (Pingault et al., 2002). Variants in SOX10 have also been
found in HSCR patients (Pingault et al., 1998).

2.7. Functional constipation

Functional constipation is a common problem in the pediatric
population and is characterized by infrequent hard and painful
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defecation often accompanied by involuntary loss of stool (Ben-
ninga et al., 2016; Burgers et al., 2012; Hyams et al., 2016; Tabbers
et al., 2014). A proportion of affected children appear to suffer
from more severe forms of constipation, including slow transit
constipation (STC). Severe childhood constipation can sometimes
be difficult to distinguish from CIPO, as both conditions may re-
present a spectrum of motility problems. However, CIPO by defi-
nition involves the small intestine, patients have episodes of in-
testinal obstruction with vomiting, often bilious, and on the whole
their motility problems are more severe. In a proportion of pa-
tients with more severe forms of childhood constipation reduction
in ICC numbers has been suggested to be a contributing factor (He
et al., 2000; Lyford et al., 2002; van den Berg et al., 2009), but this
is not conclusive (Knowles and Farrugia, 2011), Abnormal levels of
neuropeptides such as vasoactive intestinal peptide (Koch et al.,
1988), serotonin (Zhao et al., 2002) and substance P (Tzavella et al.,
1996) have also been detected in patients with severe constipa-
tion, especially in STC (King et al., 2006, 2010; Stanton et al., 2003;
Yik et al., 2011).

In children affected with functional constipation there often
appears to be a positive history of constipation in the family
(Osatakul and Puetpaiboon, 2014). However, knowledge of the
genetic factors contributing to the disease is limited. Genetic as-
sociations with the Tachykinin Receptors 1 (TACR1) and 3 (TACR3),
V-Kit Hardy-Zuckerman 4 Feline Sarcoma Viral Oncogene Homo-
log (KIT) and NOS1 genes have been identified in a candidate gene
association study (Garcia-Barcelo et al., 2007). Several other direct
sequencing studies investigated the presence of variants in can-
didate genes such as Neurturin (NRTN) (Chen et al., 2002;
Heuckeroth et al., 1999), REarraged during Transfection (RET)
(Knowles et al., 2000) and KIT (Tong et al., 2006), or evaluated
chromosomal anomalies (Rossi et al., 2007) in patients with in-
tractable constipation. Childhood constipation also presents as a
symptom in several genetic syndromes (Peeters et al., 2011).

2.8. Hirschsprung disease

Hirschsprung disease (HSCR) is the most intensively in-
vestigated enteric neuropathy. It occurs due to abnormal devel-
opment of the ENS, which results in aganglionosis of the distal GI
tract (McKeown et al., 2013; Obermayr et al., 2013). The length
over which the aganglionosis extends can vary and HSCR is clas-
sified as short segment, long segment, total colonic and total in-
testinal aganglionosis. HSCR is considered to be a highly heritable
disorder with both dominant and recessive modes of inheritance
described. Although familial cases have been reported, most cases
are sporadic and are considered to be polygenic or multifactorial in
origin. The first gene to be associated with HSCR was RET, a proto-
oncogene located on chromosome 10. The involvement of this
gene in HSCR was found by linkage analysis in large multi-
generational families (Angrist et al., 1993; Lyonnet et al., 1993), and
to date, the presence of RET variants is still considered to be the
major contributing factor for HSCR (Edery et al., 1994a; Romeo
et al., 1994). Deleterious variants in RET are present in 50% of fa-
milial and 15–20% of sporadic HSCR patients (Amiel et al., 2008).
The severity of the mutation, its dosage and the presence of
modifying factors are believed to influence the length of the
aganglionic segment (Basel-Vanagaite et al., 2007; Edery et al.,
1994b). Most of these variants are rare and have a high pene-
trance. However, a few very common low penetrant variants have
also been identified in HSCR patients via locus specificity and
GWAS (Garcia-Barcelo et al., 2009; Jiang et al., 2015; Kim et al.,
2014). Unsurprisingly, the strongest association was found in a
haplotype covering part of the RET locus (Burzynski et al., 2005;
Emison et al., 2005). On this haplotype, several variants within
intron 1 of RET were proven to disturb the function of a RET
enhancer and were believed to contribute to disease development
(Emison et al., 2010; Sribudiani et al., 2011). These non-coding
single nucleotide polymorphisms (SNPs) are found in approxi-
mately 60–80% of all HSCR patients, and in 50% of them the hap-
lotype is present in a homozygous state, increasing the risk for
HSCR 10–20 fold (Emison et al., 2005; Burzynski et al., 2005).

The Endothelin Receptor type B gene (EDNRB) was the second
gene to be associated with HSCR. Interestingly, EDNRB was iden-
tified in a large Mennonite kindred in which HSCR was found in
association with Waardenburg Syndrome (Puffenberger et al.,
1994a, 1994b). EDNRB has also been shown to epistatically interact
with RET (Carrasquillo et al., 2002; McCallion et al., 2003). After
these initial findings, several other genes have been found to play
a role in HSCR, and to date more than 16 genes have been iden-
tified, most of which are not fully penetrant (Alves et al., 2013). As
for EDNRB, almost all these genes have been shown to cause rare
syndromic forms of HSCR. Moreover, it is believed that epistatic
interactions play a major role in HSCR development, making this
disease a paradigm for other heterogeneous or oligogenic dis-
orders (de Pontual et al., 2007, 2009).

2.9. Internal anal sphincter achalasia

In patients with Internal anal sphincter achalasia (IASA) gang-
lion cells are present in rectal biopsies. However, the internal anal
sphincter fails to relax, resulting in a Hirschsprung like phenotype
(Ciamarra et al., 2003; De Caluwe et al., 2001; Doodnath and Puri,
2009; Neilson and Yazbeck, 1990). Different developmental defects
have been proposed to explain IASA onset: nitrergic nerve deple-
tion (Hirakawa et al., 1995), altered distributions of ICC (Pio-
trowska et al., 2003), and defective neuronal innervation of the
neuromuscular junction (Oue and Puri, 1999). Moreover, an un-
derlying genetic cause is suspected in at least some of these pa-
tients, as IASA can segregate within families (Celik et al., 1995; de
la Portilla et al., 2005; Kamm et al., 1991) and is found as a
symptom in X-linked alpha thalassemia mental retardation (ATR-
X) syndrome (Martucciello et al., 2006). However, no genetic fac-
tors have been identified to date.
3. Common denominators in GI enteric neuropathies

For most GI neuropathies the precise etiology is as yet un-
known (see above). However, a deficit in neuronal composition
and/or neuronal numbers seems to underlay the abnormal GI
motility characteristic of these disorders. In this section we present
evidence that most of the GI neuropathies share a cellular and/or
genetic basis. Moreover, we propose a seesaw model for neuronal
motility to explain differences in disease severity.

3.1. Neuronal composition

Normal neuronal composition of the GI tract is crucial for in-
testinal peristalsis, as absence or altered ratios of specific neuronal
subtypes are known to lead to abnormal GI motility. Although
defects in neuronal composition can result from anomalies in
transcriptional programs responsible for neuronal subtype speci-
fication, knowledge regarding development of neuronal subtypes,
axonal guidance or neuronal control of motility is limited (Sasselli
et al., 2012). What we do know is that NOS neurons are the only
neuronal subtype implicated in several intestinal neuromuscular
disorders of the GI tract, such as HSCR, gastroparesis, hypertrophic
pyloric stenosis and esophageal achalasia (Chung et al., 1996;
Huang et al., 1993; Shteyer et al., 2015; Sivarao et al., 2008;
Svenningsson et al., 2012; Taketomi et al., 2005). Serotonergic
neurons, as well as intrinsic primary afferent neurons (IPANs) and



Fig. 1. Seesaw of GI motility disorder development using HSCR as an example.
Depending on the genetic background, harmful and protective factors may shift the
fulcrum and lead to a “disease spectrum balancing seesaw”, in which the weight of
specific factors and movement of the fulcrum reflects a spectrum of GI motility
disorders ranging from hyperganglionosis to normal development, and finally to
aganglionosis. (A) Seesaw, with fulcrum represented by wildtype RET. There is a
balance between harmful and protective factors. (B) When the contributions of
protective factors decrease, harmful factors tilt the balance to abnormal develop-
ment. This might also happen if: (C) the burden of rare variants in other genes
increases or if the RET intron 1 variant shifts the fulcrum of the seesaw changing
the balancing point; (D) a deleterious RET variant has a higher penetrance shifting
the fulcrum with increasing deleteriousness of the variant.
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substance P positive neurons, are also highly important for proper
peristalsis (Gershon, 2013). Therefore, it is tempting to suggest
that defects in genes or networks regulating the differentiation of
neuronal subtypes or functional establishment of neuronal cir-
cuits, may be part of the etiopathology of enteric neuropathies. In
this context, it is worth mentioning that loss of function variants in
the Achaete-Scute Family BHLH Transcription Factor 1 gene
(ASCL1, previously MASH1) result in loss of specific MASH1-de-
pendent enteric neuronal precursors such as serotonergic and NOS
neurons, in the Ret/GFRa1/GDNF signaling-independent part of
the esophagus and stomach in mice (Blaugrund et al., 1996; Ger-
shon and Ratcliffe, 2004). Mice deficient for the tryptophan hy-
droxylase 2 enzyme involved in serotonin biosynthesis have re-
duced neuronal density and increased intestinal transit times (Li
et al., 2011), and knockout mice for the Tyrosine Kinase Receptor C
(TrkC), the receptor for Neurotrophin-3, have fewer submucosal
IPAN neurons (Chalazonitis et al., 2001). Moreover, there are less
substance P positive neurons in some children with slow transit
constipation and in multiple endocrine neoplasia type 2B
(MEN2B), a condition caused by activating RET mutations (Hutson
et al., 1996; King et al., 2006). The same could also apply for the
numbers of ICC or combinations of ICC and neurons. For instance,
ICC numbers are reduced in pyloric stenosis (Vanderwinden et al.,
1996a) and gastroparesis, and ICC networks are also disrupted in
HSCR (Vanderwinden et al., 1996b). However, pyloric stenosis and
intestinal aganglionosis are not frequently seen together. All things
considered, there seems to be increasing evidence for the im-
portance of maintaining the balance of different neuronal sub-
types for enteric motility to occur normally.

3.2. Neuronal numbers

As mentioned previously, HSCR and many other GI neuro-
pathies are characterized by a reduction in neuronal numbers. This
fact lead us to hypothesize that a substantial proportion of these
neuropathies may well have a common genetic etiology. There-
fore, we postulate that the lack of neurons found in HSCR is part of
a spectrum of ENS related diseases of which HSCR is at one end
and hyperganglionosis is at the other. As RET is the main gene
involved in HSCR, it is tempting to say that RET is the crucial factor
for the establishment of proper numbers of neurons (ganglia), and
variation in RET expression levels or protein function may be re-
sponsible for a continuum of disorders ranging from hypo-
ganglionosis to hyperganglionosis. Several lines of evidence cor-
roborate this hypothesis. Pathogenic RET variants can be inherited
from parents without HSCR; the aganglionic segment is variable in
length in patients carrying these variants, ranging from short
segment HSCR to total intestinal aganglionosis, and pseudo-ob-
struction to hypoganglionosis and slow peristalsis (Lui et al.,
2008); and RET activating variants are found in MEN2B (Hofstra
et al., 1994), a disorder where patients show signs of hy-
perganglionosis in addition to several other malignancies. In light
of this evidence, we believe that RET could be a common de-
nominator for GI neuropathies characterized by a reduction in
neuronal number.

3.3. Seesaw model of motility disorder development

Using HSCR as an example, we propose a model for disturbed
ENS development in which harmful and protective factors balance
on a fulcrum representing a disease-specific genetic predisposition
(see Fig. 1). The balance of this seesaw can be disturbed by genetic
burden as well as non-genetic factors such as epigenetics and
environmental exposures.

Epigenetic changes have been linked to the development and
progression of several disorders, including HSCR. Recently,
variants in the gene encoding for the de novomethyltransferase 3B
(DNMT3B) have been found to lead to decreased expression of this
gene in enteric precursors isolated from HSCR patients (Torroglosa
et al., 2014). Moreover, there has been increasing evidence that the
expression of several known HSCR genes, such as RET and EDNRB,
can be controlled by DNA methylation of their promoter regions.
For more details about the involvement of epigenetics in HSCR,
please see the review of Torroglosa et al published in this issue of
the journal.

Environmental factors are also known to influence ENS devel-
opment (Heuckeroth and Schafer, 2016) and have been shown to
play a role in enteric neuropathies. For HSCR development a re-
lationship with maternal hyperthermia was previously suggested
(Lipson, 1988), although this has been disputed by others (Larsson
et al., 1989). Vitamin A levels have also been shown to impact
HSCR penetrance and severity. Depletion of this vitamin causes
distal bowel aganglionosis in mice, as correct intake levels of
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vitamin A seem to be crucial for proper migration and polarization
of ENS precursor cells and lamellipodia formation in mice (Fu
et al., 2010). Moreover, the use of mycophenolic acid and ibupro-
fen, commonly used as immunosuppressant and anti-in-
flammatory drugs respectively, have been associated with HSCR in
two other studies. Their application during development of zeb-
rafish, chick and mouse animal models led to reduced ENS pre-
cursor migration as well as defective lamellipodia formation, cell
proliferation, and survival (Lake et al., 2013; Schill et al., 2016).
However, it is worth mentioning that in these three studies the
genetic background of the animals used played a crucial role in
disease onset and severity, suggesting that environmental factors
may shift the balance from normal to abnormal ENS development
in an already genetically compromised individual by the presence
of, for instance, a variant in RET.
4. Conclusions

GI motility is regulated by a large number of neuronal and
muscular processes. These processes need to be tightly regulated,
as they are known to influence each other. Here we postulate that
many of the GI-related enteric neuropathies have a common basis,
as most of them are characterized by a deficit in neuronal com-
position and/or neuronal numbers. Based on this assumption, we
propose a seesaw model for development of enteric neuropathies
in which genetic and non-genetics factors contribute to disease
onset and severity. We believe that in this model, the fulcrum is a
key component of the underlying biological defect. Although we
have no strong evidence for this hypothesis as yet, we do see
overlap between diseases and genes involved. Possibly, GI neuro-
pathies characterized by quantitative differences in neuronal
subtypes might form a group of disorders in which NOS1 is the key
component, as it is required for circular muscle and sphincter re-
laxation in esophageal achalasia, hypertrophic pyloric stenosis and
IASA (Rivera et al., 2011). For disorders with numerical loss of
neurons RET could be the common denominator, since it is im-
portant for survival, proliferation and migration of enteric neuro-
nal precursor cells (Natarajan et al., 2002; Uesaka and Enomoto,
2010; Uesaka et al., 2008). RET could also be the fulcrum in neu-
ropathies involving specific neuronal subtypes, as RET levels or
RET ligands are important for neuronal differentiation, neurite
outgrowth and axon patterning (Buj-Bello et al., 1997; Fleming
et al., 2015; Heuckeroth et al., 1999; Rossi et al., 1999; Uesaka et al.,
2013). Whether this model is true- and underlies the etiology of
patients in which the genetic causes are unknown remains elusive.
This is partly due to the fact that subtle differences in neuronal
numbers are hard, if not impossible, to determine using current
histopathological approaches. Nevertheless, to prove this hypoth-
esis and better understand disease pathophysiology we need to
examine the GI tract of enteric neuropathy patients more thor-
oughly, perform rigorous pathological examination of GI biopsies
(Swaminathan et al., 2015), and combine these observations with
whole exome or genome sequencing results.
Acknowledgements

The authors would like to thank Tom de Vries-Lentsch for in
preparing Fig. 1. This research did not receive any specific grant
from funding agencies in the public, commercial, or not-for-profit
sectors.

References

Alves, M.M., Sribudiani, Y., Brouwer, R.W., Amiel, J., Antinolo, G., Borrego, S.,
Ceccherini, I., Chakravarti, A., Fernandez, R.M., Garcia-Barcelo, M.M., Griseri, P.,
Lyonnet, S., Tam, P.K., van Ijcken, W.F., Eggen, B.J., te Meerman, G.J., Hofstra, R.
M., 2013. Contribution of rare and common variants determine complex dis-
eases-Hirschsprung disease as a model. Dev. Biol. 382, 320–329.

Amberger, J.S., Bocchini, C.A., Schiettecatte, F., Scott, A.F., Hamosh, A., 2015. OMIM.
org: Online Mendelian Inheritance in Man (OMIM(R)), an online catalog of
human genes and genetic disorders. Nucleic Acids Res. 43, D789–D798.

Amiel, J., Sproat-Emison, E., Garcia-Barcelo, M., Lantieri, F., Burzynski, G., Borrego, S.,
Pelet, A., Arnold, S., Miao, X., Griseri, P., Brooks, A.S., Antinolo, G., de Pontual, L.,
Clement-Ziza, M., Munnich, A., Kashuk, C., West, K., Wong, K.K., Lyonnet, S.,
Chakravarti, A., Tam, P.K., Ceccherini, I., Hofstra, R.M., Fernandez, R., Hirsch-
sprung Disease Consortium, 2008b. Hirschsprung disease, associated syn-
dromes and genetics: a review. J. Med. Genet. 45, 1–14.

Angrist, M., Kauffman, E., Slaugenhaupt, S.A., Matise, T.C., Puffenberger, E.G., Wa-
shington, S.S., Lipson, A., Cass, D.T., Reyna, T., Weeks, D.E., et al., 1993. A gene for
Hirschsprung disease (megacolon) in the pericentromeric region of human
chromosome 10. Nat. Genet. 4, 351–356.

Arnold, C.N., Xia, Y., Lin, P., Ross, C., Schwander, M., Smart, N.G., Muller, U., Beutler,
B., 2011. Rapid identification of a disease allele in mouse through whole gen-
ome sequencing and bulk segregation analysis. Genetics 187, 633–641.

Basel-Vanagaite, L., Pelet, A., Steiner, Z., Munnich, A., Rozenbach, Y., Shohat, M.,
Lyonnet, S., 2007. Allele dosage-dependent penetrance of RET proto-oncogene
in an Israeli-Arab inbred family segregating Hirschsprung disease. Eur. J. Hum.
Genet. 15, 242–245.

Becker, J., Niebisch, S., Ricchiuto, A., Schaich, E.J., Lehmann, G., Waltgenbach, T.,
Schafft, A., Hess, T., Lenze, F., Venerito, M., Huneburg, R., Lingohr, P., Matthaei,
H., Seewald, S., Scheuermann, U., Kreuser, N., Veits, L., Wouters, M.M., Gockel, H.
R., Lang, H., Vieth, M., Muller, M., Eckardt, A.J., von Rahden, B.H., Knapp, M.,
Boeckxstaens, G.E., Fimmers, R., Nothen, M.M., Schulz, H.G., Gockel, I., Schu-
macher, J., 2016. Comprehensive epidemiological and genotype-phenotype
analyses in a large European sample with idiopathic achalasia. Eur. J. Gastro-
enterol. Hepatol.

Becker, L., Peterson, J., Kulkarni, S., Pasricha, P.J., 2013. Ex vivo neurogenesis within
enteric ganglia occurs in a PTEN dependent manner. PLoS One 8, e59452.

Benninga, M.A., Faure, C., Hyman St, P.E., James Roberts, I., Schechter, N.L., Nurko, S.,
2016. Childhood functional gastrointestinal disorders: neonate/toddler.
Gastroenterology.

van den Berg, M.M., Di Lorenzo, C., Mousa, H.M., Benninga, M.A., Boeckxstaens, G.E.,
Luquette, M., 2009. Morphological changes of the enteric nervous system, in-
terstitial cells of cajal, and smooth muscle in children with colonic motility
disorders. J. Pediatr. Gastroenterol. Nutr. 48, 22–29.

Bernard, C.E., Gibbons, S.J., Mann, I.S., Froschauer, L., Parkman, H.P., Harbison, S.,
Abell, T.L., Snape, W.J., Hasler, W.L., McCallum, R.W., Sarosiek, I., Nguyen, L.A.,
Koch, K.L., Tonascia, J., Hamilton, F.A., Kendrick, M.L., Shen, K.R., Pasricha, P.J.,
Farrugia, G., Consortium, N.G.C.R., 2014. Association of low numbers of CD206-
positive cells with loss of ICC in the gastric body of patients with diabetic
gastroparesis. Neurogastroenterol. Motil. 26, 1275–1284.

Blaugrund, E., Pham, T.D., Tennyson, V.M., Lo, L., Sommer, L., Anderson, D.J., Ger-
shon, M.D., 1996. Distinct subpopulations of enteric neuronal progenitors de-
fined by time of development, sympathoadrenal lineage markers and Mash-1-
dependence. Development 122, 309–320.

Bodensteiner, J.B., Grunow, J.E., 1984. Gastroparesis in neonatal myotonic dystro-
phy. Muscle Nerve 7, 486–487.

Boeckxstaens, G.E., 2008. Achalasia: virus-induced euthanasia of neurons? Am. J.
Gastroenterol. 103, 1610–1612.

Boeckxstaens, G.E., Zaninotto, G., Richter, J.E., 2014. Achalasia. Lancet 383, 83–93.
Bonora, E., Bianco, F., Cordeddu, L., Bamshad, M., Francescatto, L., Dowless, D.,

Stanghellini, V., Cogliandro, R.F., Lindberg, G., Mungan, Z., Cefle, K., Ozcelik, T.,
Palanduz, S., Ozturk, S., Gedikbasi, A., Gori, A., Pippucci, T., Graziano, C., Volta,
U., Caio, G., Barbara, G., D'Amato, M., Seri, M., Katsanis, N., Romeo, G., De
Giorgio, R., 2015. Mutations in RAD21 disrupt regulation of APOB in patients
with chronic intestinal pseudo-obstruction. Gastroenterology 148, 771-782.
e711.

Bosher, L.P., Shaw, A., 1981. Achalasia in siblings. Clinical and genetic aspects. Am. J.
Dis. Child. 135, 709–710.

Buj-Bello, A., Adu, J., Pinon, L.G., Horton, A., Thompson, J., Rosenthal, A., Chinchetru,
M., Buchman, V.L., Davies, A.M., 1997. Neurturin responsiveness requires a GPI-
linked receptor and the Ret receptor tyrosine kinase. Nature 387, 721–724.

Burgers, R., Levin, A.D., Di Lorenzo, C., Dijkgraaf, M.G., Benninga, M.A., 2012.
Functional defecation disorders in children: comparing the Rome II with the
Rome III criteria. J. Pediatr. 161, 615-620.e611.

Burzynski, G.M., Nolte, I.M., Bronda, A., Bos, K.K., Osinga, J., Plaza Menacho, I., Twigt,
B., Maas, S., Brooks, A.S., Verheij, J.B., Buys, C.H., Hofstra, R.M., 2005. Identifying
candidate Hirschsprung disease-associated RET variants. Am. J. Hum. Genet. 76,
850–858.

Buys, E.S., Ko, Y.C., Alt, C., Hayton, S.R., Jones, A., Tainsh, L.T., Ren, R., Giani, A., Clerte,
M., Abernathy, E., Tainsh, R.E., Oh, D.J., Malhotra, R., Arora, P., de Waard, N., Yu,
B., Turcotte, R., Nathan, D., Scherrer-Crosbie, M., Loomis, S.J., Kang, J.H., Lin, C.P.,
Gong, H., Rhee, D.J., Brouckaert, P., Wiggs, J.L., Gregory, M.S., Pasquale, L.R.,
Bloch, K.D., Ksander, B.R., 2013. Soluble guanylate cyclase alpha1-deficient
mice: a novel murine model for primary open angle glaucoma. PLoS One 8,
e60156.

Carrasquillo, M.M., McCallion, A.S., Puffenberger, E.G., Kashuk, C.S., Nouri, N.,
Chakravarti, A., 2002. Genome-wide association study and mouse model
identify interaction between RET and EDNRB pathways in Hirschsprung dis-
ease. Nat. Genet. 32, 237–244.

http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref1
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref1
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref1
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref1
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref1
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref1
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref2
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref2
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref2
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref2
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref3
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref3
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref3
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref3
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref3
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref3
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref3
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref4
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref4
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref4
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref4
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref4
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref5
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref5
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref5
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref5
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref6
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref6
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref6
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref6
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref6
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref7
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref7
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref7
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref7
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref7
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref7
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref7
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref7
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref8
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref8
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref9
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref9
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref9
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref10
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref10
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref10
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref10
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref10
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref11
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref11
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref11
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref11
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref11
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref11
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref11
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref12
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref12
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref12
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref12
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref12
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref13
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref13
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref13
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref14
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref14
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref14
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref15
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref15
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref16
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref16
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref16
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref16
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref16
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref16
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref16
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref17
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref17
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref17
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref18
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref18
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref18
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref18
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref19
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref19
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref19
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref20
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref20
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref20
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref20
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref20
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref21
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref21
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref21
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref21
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref21
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref21
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref21
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref22
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref22
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref22
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref22
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref22


E. Brosens et al. / Developmental Biology 417 (2016) 198–208 205
Celik, A.F., Katsinelos, P., Read, N.W., Khan, M.I., Donnelly, T.C., 1995. Hereditary
proctalgia fugax and constipation: report of a second family. Gut 36, 581–584.

Chakraborty, T.K., Ogilvie, A.L., Heading, R.C., Ewing, D.J., 1989. Abnormal cardio-
vascular reflexes in patients with gastro-oesophageal reflux. Gut 30, 46–49.

Chalazonitis, A., Pham, T.D., Rothman, T.P., DiStefano, P.S., Bothwell, M., Blair-Flynn,
J., Tessarollo, L., Gershon, M.D., 2001. Neurotrophin-3 is required for the sur-
vival-differentiation of subsets of developing enteric neurons. J. Neurosci. 21,
5620–5636.

Champaigne, N.L., Laird, N.A., Northup, J.K., Velagaleti, G.V., 2009. Molecular cyto-
genetic characterization of an interstitial de novo 13q deletion in a 3-month-
old with severe pediatric gastroesophageal reflux. Am. J. Med. Genet. Part A
149a, 751–754.

Chen, B., Knowles, C.H., Scott, M., Anand, P., Williams, N.S., Milbrandt, J., Tam, P.K.,
2002. Idiopathic slow transit constipation and megacolon are not associated
with neurturin mutations. Neurogastroenterol. Motil. 14, 513–517.

Chetaille, P., Preuss, C., Burkhard, S., Côté, J.M., Houde, C., Castilloux, J., Piché, J.,
Gosset, N., Leclerc, S., Wunnemann, F., Thibeault, M., Gagnon, C., Galli, A., Tuck,
E., Hickson, G.R., El Amine, N., Boufaied, I., Lemyre, E., de Santa Barbara, P.,
Faure, S., Jonzon, A., Cameron, M., Dietz, H.C., Gallo-McFarlane, E., Benson, D.W.,
Moreau, C., Labuda, D., Zhan, S.H., Shen, Y., Jomphe, M., Jones, S.J., Bakkers, J.,
2014. Mutations in SGOL1 cause a novel cohesinopathy affecting heart and gut
rhythm. Nat. Genet. 46, 1245–1249.

Chung, E., Curtis, D., Chen, G., Marsden, P.A., Twells, R., Xu, W., Gardiner, M., 1996.
Genetic evidence for the neuronal nitric oxide synthase gene (NOS1) as a
susceptibility locus for infantile pyloric stenosis. Am. J. Hum. Genet. 58,
363–370.

Ciamarra, P., Nurko, S., Barksdale, E., Fishman, S., Di Lorenzo, C., 2003. Internal anal
sphincter achalasia in children: clinical characteristics and treatment with
Clostridium botulinum toxin. J. Pediatr. Gastroenterol. Nutr. 37, 315–319.

Clayton-Smith, J., Walters, S., Hobson, E., Burkitt-Wright, E., Smith, R., Toutain, A.,
Amiel, J., Lyonnet, S., Mansour, S., Fitzpatrick, D., Ciccone, R., Ricca, I., Zuffardi,
O., Donnai, D., 2009. Xq28 duplication presenting with intestinal and bladder
dysfunction and a distinctive facial appearance. Eur. J. Hum. Genet. 17, 434–443.

Cogliandro, R.F., De Giorgio, R., Barbara, G., Cogliandro, L., Concordia, A., Corinaldesi,
R., Stanghellini, V., 2007. Chronic intestinal pseudo-obstruction. Best practice &
research. Clin. Gastroenterol. 21, 657–669.

Cunningham, K.M., Horowitz, M., Riddell, P.S., Maddern, G.J., Myers, J.C., Holloway,
R.H., Wishart, J.M., Jamieson, G.G., 1991. Relations among autonomic nerve
dysfunction, oesophageal motility, and gastric emptying in gastro-oesophageal
reflux disease. Gut 32, 1436–1440.

De Caluwe, D., Yoneda, A., Akl, U., Puri, P., 2001. Internal anal sphincter achalasia:
outcome after internal sphincter myectomy. J. Pediatr. Surg. 36, 736–738.

De Giorgio, R., Sarnelli, G., Corinaldesi, R., Stanghellini, V., 2004. Advances in our
understanding of the pathology of chronic intestinal pseudo-obstruction. Gut
53, 1549–1552.

de la Portilla, F., Borrero, J.J., Rafel, E., 2005. Hereditary vacuolar internal anal
sphincter myopathy causing proctalgia fugax and constipation: a new case
contribution. Eur. J. Gastroenterol. Hepatol. 17, 359–361.

Deardorff, M.A., Wilde, J.J., Albrecht, M., Dickinson, E., Tennstedt, S., Braunholz, D.,
Monnich, M., Yan, Y., Xu, W., Gil-Rodriguez, M.C., Clark, D., Hakonarson, H.,
Halbach, S., Michelis, L.D., Rampuria, A., Rossier, E., Spranger, S., Van Mal-
dergem, L., Lynch, S.A., Gillessen-Kaesbach, G., Ludecke, H.J., Ramsay, R.G.,
McKay, M.J., Krantz, I.D., Xu, H., Horsfield, J.A., Kaiser, F.J., 2012. RAD21 muta-
tions cause a human cohesinopathy. Am. J. Hum. Genet. 90, 1014–1027.

Deglincerti, A., De Giorgio, R., Cefle, K., Devoto, M., Pippucci, T., Castegnaro, G.,
Panza, E., Barbara, G., Cogliandro, R.F., Mungan, Z., Palanduz, S., Corinaldesi, R.,
Romeo, G., Seri, M., Stanghellini, V., 2007. A novel locus for syndromic chronic
idiopathic intestinal pseudo-obstruction maps to chromosome 8q23-q24. Eur. J.
Hum. Genet. 15, 889–897.

Djeddi, D.D., Kongolo, G., Stephan-Blanchard, E., Ammari, M., Leke, A., Delanaud, S.,
Bach, V., Telliez, F., 2013. Involvement of autonomic nervous activity changes in
gastroesophageal reflux in neonates during sleep and wakefulness. PLoS One 8,
e83464.

Doodnath, R., Puri, P., 2009. Internal anal sphincter achalasia. Semin Pediatr. Surg.
18, 246–248.

Edery, P., Lyonnet, S., Mulligan, L.M., Pelet, A., Dow, E., Abel, L., Holder, S., Nihoul-
Fekete, C., Ponder, B.A., Munnich, A., 1994a. Mutations of the RET proto-onco-
gene in Hirschsprung's disease. Nature 367, 378–380.

Edery, P., Pelet, A., Mulligan, L.M., Abel, L., Attie, T., Dow, E., Bonneau, D., David, A.,
Flintoff, W., Jan, D., et al., 1994b. Long segment and short segment familial
Hirschsprung's disease: variable clinical expression at the RET locus. J. Med.
Genet. 31, 602–606.

Emison, E.S., McCallion, A.S., Kashuk, C.S., Bush, R.T., Grice, E., Lin, S., Portnoy, M.E.,
Cutler, D.J., Green, E.D., Chakravarti, A., 2005. A common sex-dependent mu-
tation in a RET enhancer underlies Hirschsprung disease risk. Nature 434,
857–863.

Emison, E.S., Garcia-Barcelo, M., Grice, E.A., Lantieri, F., Amiel, J., Burzynski, G.,
Fernandez, R.M., Hao, L., Kashuk, C., West, K., Miao, X., Tam, P.K., Griseri, P.,
Ceccherini, I., Pelet, A., Jannot, A.S., de Pontual, L., Henrion-Caude, A., Lyonnet,
S., Verheij, J.B., Hofstra, R.M., Antinolo, G., Borrego, S., McCallion, A.S., Chakra-
varti, A., 2010. Differential contributions of rare and common, coding and
noncoding Ret mutations to multifactorial Hirschsprung disease liability. Am. J.
Hum. Genet. 87, 60–74.

Fadda, B., Maier, W.A., Meier-Ruge, W., Scharli, A., Daum, R., 1983. [Neuronal in-
testinal dysplasia. Critical 10-years' analysis of clinical and biopsy diagnosis]
Neuronale intestinale Dysplasie. Eine kritische 10-Jahres-Analyse klinischer
und bioptischer Diagnostik. Z. Kinder. 38, 305–311.
Fleming, M.S., Vysochan, A., Paixao, S., Niu, J., Klein, R., Savitt, J.M., Luo, W., 2015. Cis

and trans RET signaling control the survival and central projection growth of
rapidly adapting mechanoreceptors. eLife 4, e06828.

Fu, M., Sato, Y., Lyons-Warren, A., Zhang, B., Kane, M.A., Napoli, J.L., Heuckeroth, R.
O., 2010. Vitamin A facilitates enteric nervous system precursor migration by
reducing Pten accumulation. Development 137, 631–640.

Furness, J.B., Callaghan, B.P., Rivera, L.R., Cho, H.J., 2014. The enteric nervous system
and gastrointestinal innervation: integrated local and central control. Adv. Exp.
Med. Biol. 817, 39–71.

Gamez, J., Ferreiro, C., Accarino, M.L., Guarner, L., Tadesse, S., Marti, R.A., Andreu, A.
L., Raguer, N., Cervera, C., Hirano, M., 2002. Phenotypic variability in a Spanish
family with MNGIE. Neurology 59, 455–457.

Garcia-Barcelo, M., King, S.K., Miao, X., So, M.T., Holden, W.T., Moore, J.H., Sutcliffe, J.
R., Hutson, J.M., Tam, P.K., 2007. Application of HapMap data to the evaluation
of 8 candidate genes for pediatric slow transit constipation. J. Pediatr. Surg. 42,
666–671.

Garcia-Barcelo, M.M., Tang, C.S., Ngan, E.S., Lui, V.C., Chen, Y., So, M.T., Leon, T.Y.,
Miao, X.P., Shum, C.K., Liu, F.Q., Yeung, M.Y., Yuan, Z.W., Guo, W.H., Liu, L., Sun, X.
B., Huang, L.M., Tou, J.F., Song, Y.Q., Chan, D., Cheung, K.M., Wong, K.K., Cherny,
S.S., Sham, P.C., Tam, P.K., 2009. Genome-wide association study identifies
NRG1 as a susceptibility locus for Hirschsprung's disease. Proc. Natl. Acad. Sci.
USA 106, 2694–2699.

Gauthier, J., Bencheikh, Ouled Amar, Hamdan, B., Harrison, F.F., Baker, S.M., Couture,
L.A., Thiffault, F., Ouazzani, I., Samuels, R., Mitchell, M.E., Rouleau, G.A., Mi-
chaud, G.A., Soucy, J.F, J.L., 2014. A homozygous loss-of-function variant in
MYH11 in a case with megacystis-microcolon-intestinal hypoperistalsis syn-
drome. Eur. J. Hum. Genet.

Gershon, M.D., 2013. 5-Hydroxytryptamine (serotonin) in the gastrointestinal tract.
Curr. Opin. Endocrinol. Diabetes Obes. 20, 14–21.

Gershon, M.D., Ratcliffe, E.M., 2004. Developmental biology of the enteric nervous
system: pathogenesis of Hirschsprung's disease and other congenital dysmo-
tilities. Semin. Pediatr. Surg. 13, 224–235.

Gockel, I., Bohl, J.R., Eckardt, V.F., Junginger, T., 2008. Reduction of interstitial cells of
Cajal (ICC) associated with neuronal nitric oxide synthase (n-NOS) in patients
with achalasia. Am. J. Gastroenterol. 103, 856–864.

Gockel, I., Becker, J., Wouters, M.M., Niebisch, S., Gockel, H.R., Hess, T., Ramonet, D.,
Zimmermann, J., Vigo, A.G., Trynka, G., de Leon, A.R., de la Serna, J.P., Urcelay, E.,
Kumar, V., Franke, L., Westra, H.J., Drescher, D., Kneist, W., Marquardt, J.U., Galle,
P.R., Mattheisen, M., Annese, V., Latiano, A., Fumagalli, U., Laghi, L., Cuomo, R.,
Sarnelli, G., Muller, M., Eckardt, A.J., Tack, J., Hoffmann, P., Herms, S., Mangold,
E., Heilmann, S., Kiesslich, R., von Rahden, B.H., Allescher, H.D., Schulz, H.G.,
Wijmenga, C., Heneka, M.T., Lang, H., Hopfner, K.P., Nothen, M.M., Boeckxstaens,
G.E., de Bakker, P.I., Knapp, M., Schumacher, J., 2014. Common variants in the
HLA-DQ region confer susceptibility to idiopathic achalasia. Nat. Genet. 46,
901–904.

Goldblum, J.R., Whyte, R.I., Orringer, M.B., Appelman, H.D., 1994. Achalasia. A
morphologic study of 42 resected specimens. Am. J. Surg. Pathol. 18, 327–337.

Goldstein, A.M., Thapar, N., Karunaratne, T.B., De Giorgio, R., 2016. Clinical aspects
of neurointestinal disease: pathophysiology, diagnosis, and treatment. Dev.
Biol.

Grover, M., Bernard, C.E., Pasricha, P.J., Lurken, M.S., Faussone-Pellegrini, M.S.,
Smyrk, T.C., Parkman, H.P., Abell, T.L., Snape, W.J., Hasler, W.L., McCallum, R.W.,
Nguyen, L., Koch, K.L., Calles, J., Lee, L., Tonascia, J., Unalp-Arida, A., Hamilton, F.
A., Farrugia, G., Consortium, N.G.C.R., 2012. Clinical-histological associations in
gastroparesis: results from the Gastroparesis Clinical Research Consortium.
Neurogastroenterol. Motil. 24 (531–539), e249.

Gulbransen, B.D., Sharkey, K.A., 2012. Novel functional roles for enteric glia in the
gastrointestinal tract. Nat. Rev. Gastroenterol. Hepatol. 9, 625–632.

Hao, M.M., Foong, J.P., Bornstein, J.C., Li, Z.L., Vanden Berghe, P., Boesmans, W., 2016.
Enteric nervous system assembly: functional integration within the developing
gut. Dev. Biol.

Hatano, M., Aoki, T., Dezawa, M., Yusa, S., Iitsuka, Y., Koseki, H., Taniguchi, M., To-
kuhisa, T., 1997. A novel pathogenesis of megacolon in Ncx/Hox11L.1 deficient
mice. J. Clin. Investig. 100, 795–801.

Hayes, M.A., Goldenberg, I.S., 1957. The problems of infantile pyloric stenosis. Surg.
Gynecol. Obstet. 104, 105–138.

He, C.L., Burgart, L., Wang, L., Pemberton, J., Young-Fadok, T., Szurszewski, J., Far-
rugia, G., 2000. Decreased interstitial cell of cajal volume in patients with slow-
transit constipation. Gastroenterology 118, 14–21.

Herve, D., Philippi, A., Belbouab, R., Zerah, M., Chabrier, S., Collardeau-Frachon, S.,
Bergametti, F., Essongue, A., Berrou, E., Krivosic, V., Sainte-Rose, C., Houdart, E.,
Adam, F., Billiemaz, K., Lebret, M., Roman, S., Passemard, S., Boulday, G., Dela-
forge, A., Guey, S., Dray, X., Chabriat, H., Brouckaert, P., Bryckaert, M., Tournier-
Lasserve, E., 2014. Loss of alpha1beta1 soluble guanylate cyclase, the major
nitric oxide receptor, leads to moyamoya and achalasia. Am. J. Hum. Genet. 94,
385–394.

Heuckeroth, R.O., Schafer, K.H., 2016. Gene-environment interactions and the en-
teric nervous system: neural plasticity and Hirschsprung disease prevention.
Dev. Biol.

Heuckeroth, R.O., Enomoto, H., Grider, J.R., Golden, J.P., Hanke, J.A., Jackman, A.,
Molliver, D.C., Bardgett, M.E., Snider, W.D., Johnson Jr., E.M., Milbrandt, J., 1999.
Gene targeting reveals a critical role for neurturin in the development and
maintenance of enteric, sensory, and parasympathetic neurons. Neuron 22,
253–263.

Hirakawa, H., Kobayashi, H., O'Briain, D.S., Puri, P., 1995. Absence of NADPH-

http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref23
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref23
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref23
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref24
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref24
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref24
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref25
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref25
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref25
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref25
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref25
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref26
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref26
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref26
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref26
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref26
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref27
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref27
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref27
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref27
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref28
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref28
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref28
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref28
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref28
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref28
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref28
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref28
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref29
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref29
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref29
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref29
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref29
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref30
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref30
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref30
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref30
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref31
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref31
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref31
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref31
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref31
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref32
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref32
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref32
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref32
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref33
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref33
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref33
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref33
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref33
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref34
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref34
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref34
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref35
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref35
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref35
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref35
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref36
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref36
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref36
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref36
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref37
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref37
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref37
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref37
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref37
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref37
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref37
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref38
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref38
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref38
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref38
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref38
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref38
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref39
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref39
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref39
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref39
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref40
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref40
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref40
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref41
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref41
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref41
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref41
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref42
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref42
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref42
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref42
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref42
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref43
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref43
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref43
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref43
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref43
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref44
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref44
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref44
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref44
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref44
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref44
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref44
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref44
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref45
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref45
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref45
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref45
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref45
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref46
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref46
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref46
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref47
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref47
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref47
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref47
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref48
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref48
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref48
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref48
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref49
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref49
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref49
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref49
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref50
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref50
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref50
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref50
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref50
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref51
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref51
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref51
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref51
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref51
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref51
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref51
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref52
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref52
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref52
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref52
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref52
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref53
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref53
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref53
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref54
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref54
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref54
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref54
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref55
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref55
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref55
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref55
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref56
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref56
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref56
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref56
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref56
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref56
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref56
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref56
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref56
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref56
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref56
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref57
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref57
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref57
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref58
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref58
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref58
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref59
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref59
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref59
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref59
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref59
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref59
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref60
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref60
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref60
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref61
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref61
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref61
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref62
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref62
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref62
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref62
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref63
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref63
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref63
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref64
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref64
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref64
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref64
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref65
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref65
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref65
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref65
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref65
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref65
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref65
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref65
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref66
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref66
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref66
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref67
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref67
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref67
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref67
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref67
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref67
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref68


E. Brosens et al. / Developmental Biology 417 (2016) 198–208206
diaphorase activity in internal anal sphincter (IAS) achalasia. J. Pediatr. Gas-
troenterol. Nutr. 20, 54–58.

Hofstra, R.M., Landsvater, R.M., Ceccherini, I., Stulp, R.P., Stelwagen, T., Luo, Y., Pasini,
B., Hoppener, J.W., van Amstel, H.K., Romeo, G., et al., 1994. A mutation in the
RET proto-oncogene associated with multiple endocrine neoplasia type 2B and
sporadic medullary thyroid carcinoma. Nature 367, 375–376.

Holla, O.L., Bock, G., Busk, O.L., Isfoss, B.L., 2014. Familial visceral myopathy diag-
nosed by exome sequencing of a patient with chronic intestinal pseudo-ob-
struction. Endoscopy 46, 533–537.

Hu, F.Z., Donfack, J., Ahmed, A., Dopico, R., Johnson, S., Post, J.C., Ehrlich, G.D.,
Preston, R.A., 2004. Fine mapping a gene for pediatric gastroesophageal reflux
on human chromosome 13q14. Hum. Genet. 114, 562–572.

Huang, P.L., Dawson, T.M., Bredt, D.S., Snyder, S.H., Fishman, M.C., 1993. Targeted
disruption of the neuronal nitric oxide synthase gene. Cell 75, 1273–1286.

Hutson, J.M., Chow, C.W., Borg, J., 1996. Intractable constipation with a decrease in
substance P-immunoreactive fibres: is it a variant of intestinal neuronal dys-
plasia? J. Pediatr. Surg. 31, 580–583.

Hyams, J.S., Di Lorenzo, C., Saps, M., Shulman, R.J., Staiano, A., van Tilburg, M., 2016.
Functional disorders: children and adolescents. Gastroenterology.

Jiang, Q., Arnold, S., Heanue, T., Kilambi, K.P., Doan, B., Kapoor, A., Ling, A.Y., Sosa, M.
X., Guy, M., Jiang, Q., Burzynski, G., West, K., Bessling, S., Griseri, P., Amiel, J.,
Fernandez, R.M., Verheij, J.B., Hofstra, R.M., Borrego, S., Lyonnet, S., Ceccherini,
I., Gray, J.J., Pachnis, V., McCallion, A.S., Chakravarti, A., 2015. Functional loss of
semaphorin 3C and/or semaphorin 3D and their epistatic interaction with ret
are critical to Hirschsprung disease liability. Am. J. Hum. Genet. 96, 581–596.

Kamm, M.A., Hoyle, C.H., Burleigh, D.E., Law, P.J., Swash, M., Martin, J.E., Nicholls, R.
J., Northover, J.M., 1991. Hereditary internal anal sphincter myopathy causing
proctalgia fugax and constipation. A newly identified condition. Gastro-
enterology 100, 805–810.

Kapur, R.P., Robertson, S.P., Hannibal, M.C., Finn, L.S., Morgan, T., van Kogelenberg,
M., Loren, D.J., 2010. Diffuse abnormal layering of small intestinal smooth
muscle is present in patients with FLNA mutations and x-linked intestinal
pseudo-obstruction. Am. J. Surg. Pathol. 34, 1528–1543.

Kiefer, S.M., Robbins, L., Barina, A., Zhang, Z., Rauchman, M., 2008. SALL1 truncated
protein expression in Townes-Brocks syndrome leads to ectopic expression of
downstream genes. Hum. Mutat. 29, 1133–1140.

Kiefer, S.M., Ohlemiller, K.K., Yang, J., McDill, B.W., Kohlhase, J., Rauchman, M., 2003.
Expression of a truncated Sall1 transcriptional repressor is responsible for
Townes-Brocks syndrome birth defects. Hum. Mol. Genet. 12, 2221–2227.

Kim, J.H., Cheong, H.S., Sul, J.H., Seo, J.M., Kim, D.Y., Oh, J.T., Park, K.W., Kim, H.Y.,
Jung, S.M., Jung, K., Cho, M.J., Bae, J.S., Shin, H.D., 2014. A genome-wide asso-
ciation study identifies potential susceptibility loci for Hirschsprung disease.
PLoS One 9, e110292.

King, S.K., Southwell, B.R., Hutson, J.M., 2006. An association of multiple endocrine
neoplasia 2B, a RET mutation; constipation; and low substance P-nerve fiber
density in colonic circular muscle. J. Pediatr. Surg. 41, 437–442.

King, S.K., Sutcliffe, J.R., Ong, S.Y., Lee, M., Koh, T.L., Wong, S.Q., Farmer, P.J., Peck, C.J.,
Stanton, M.P., Keck, J., Cook, D.J., Chow, C.W., Hutson, J.M., Southwell, B.R., 2010.
Substance P and vasoactive intestinal peptide are reduced in right transverse
colon in pediatric slow-transit constipation. Neurogastroenterol. Motil. 22, 883–
892,e234.

Klein, S., Seidler, B., Kettenberger, A., Sibaev, A., Rohn, M., Feil, R., Allescher, H.D.,
Vanderwinden, J.M., Hofmann, F., Schemann, M., Rad, R., Storr, M.A., Schmid, R.
M., Schneider, G., Saur, D., 2013. Interstitial cells of Cajal integrate excitatory
and inhibitory neurotransmission with intestinal slow-wave activity. Nat.
Commun. 4, 1630.

Knowles, C.H., Farrugia, G., 2011. Gastrointestinal neuromuscular pathology in
chronic constipation. Best Pract. Res. Clin. Gastroenterol. 25, 43–57.

Knowles, C.H., Lindberg, G., Panza, E., De Giorgio, R., 2013. New perspectives in the
diagnosis and management of enteric neuropathies. Nat. Rev. Gastroenterol.
Hepatol. 10, 206–218.

Knowles, C.H., Gayther, S.A., Scott, M., Ramus, S., Anand, P., Williams, N.S., Ponder, B.
A., 2000. Idiopathic slow-transit constipation is not associated with mutations
of the RET proto-oncogene or GDNF. Dis. Colon Rectum 43, 851–857.

Koch, T.R., Carney, J.A., Go, L., Go, V.L., 1988. Idiopathic chronic constipation is as-
sociated with decreased colonic vasoactive intestinal peptide. Gastroenterology
94, 300–310.

Koehler, K., Malik, M., Mahmood, S., Giesselmann, S., Beetz, C., Hennings, J.C.,
Huebner, A.K., Grahn, A., Reunert, J., Nurnberg, G., Thiele, H., Altmuller, J.,
Nurnberg, P., Mumtaz, R., Babovic-Vuksanovic, D., Basel-Vanagaite, L., Borck, G.,
Bramswig, J., Muhlenberg, R., Sarda, P., Sikiric, A., Anyane-Yeboa, K., Zeharia, A.,
Ahmad, A., Coubes, C., Wada, Y., Marquardt, T., Vanderschaeghe, D., Van
Schaftingen, E., Kurth, I., Huebner, A., Hubner, C.A., 2013. Mutations in GMPPA
cause a glycosylation disorder characterized by intellectual disability and au-
tonomic dysfunction. Am. J. Hum. Genet. 93, 727–734.

Koletzko, S., Jesch, I., Faus-Kebetaler, T., Briner, J., Meier-Ruge, W., Muntefering, H.,
Coerdt, W., Wessel, L., Keller, K.M., Nutzenadel, W., Schmittenbecher, P.,
Holschneider, A., Sacher, P., 1999. Rectal biopsy for diagnosis of intestinal
neuronal dysplasia in children: a prospective multicentre study on inter-
observer variation and clinical outcome. Gut 44, 853–861.

Kovesi, T., Rubin, S., 2004. Long-term complications of congenital esophageal
atresia and/or tracheoesophageal fistula. Chest 126, 915–925.

Kraichely, R.E., Farrugia, G., Pittock, S.J., Castell, D.O., Lennon, V.A., 2010. Neural
autoantibody profile of primary achalasia. Dig. Dis. Sci. 55, 307–311.

Lake, J.I., Tusheva, O.A., Graham, B.L., Heuckeroth, R.O., 2013. Hirschsprung-like
disease is exacerbated by reduced de novo GMP synthesis. J. Clin. Investig. 123,
4875–4887.
Larsson, L.T., Okmian, L., Kristoffersson, U., 1989. No correlation between hy-

perthermia during pregnancy and Hirschsprung disease in the offspring. Am. J.
Med. Genet. 32, 260–261.

Lehtonen, H.J., Sipponen, T., Tojkander, S., Karikoski, R., Järvinen, H., Laing, N.G.,
Lappalainen, P., Aaltonen, L.A., Tuupanen, S., 2012. Segregation of a missense
variant in enteric smooth muscle Actin γ-2 with autosomal dominant familial
visceral myopathy. Gastroenterology 143 (1482–1491), e1483.

Leichter, H.E., Vargas, J., Cohen, A.H., Ament, M., Salusky, I.B., 1988. Alport's syn-
drome and achalasia. Pediatr. Nephrol. 2, 312–314.

Li, Z., Chalazonitis, A., Huang, Y.Y., Mann, J.J., Margolis, K.G., Yang, Q.M., Kim, D.O.,
Cote, F., Mallet, J., Gershon, M.D., 2011. Essential roles of enteric neuronal ser-
otonin in gastrointestinal motility and the development/survival of enteric
dopaminergic neurons. J. Neurosci. 31, 8998–9009.

Lipson, A., 1988. Hirschsprung disease in the offspring of mothers exposed to hy-
perthermia during pregnancy. Am. J. Med. Genet. 29, 117–124.

Lui, V.C., Cheng, W.W., Leon, T.Y., Lau, D.K., Garcia-Barcelo, M.M., Miao, X.P., Kam, M.
K., So, M.T., Chen, Y., Wall, N.A., Sham, M.H., Tam, P.K., 2008. Perturbation of
hoxb5 signaling in vagal neural crests down-regulates ret leading to intestinal
hypoganglionosis in mice. Gastroenterology 134, 1104–1115.

Lundell, L., Myers, J.C., Jamieson, G.G., 1996. Is motility impaired in the entire upper
gastrointestinal tract in patients with gastro-oesophageal reflux disease?
Scand. J. Gastroenterol. 31, 131–135.

Luzzani, S., Macchini, F., Valade, A., Milani, D., Selicorni, A., 2003. Gastroesophageal
reflux and Cornelia de Lange syndrome: typical and atypical symptoms. Am. J.
Med. Genet. Part A 119a, 283–287.

Lyford, G.L., He, C.L., Soffer, E., Hull, T.L., Strong, S.A., Senagore, A.J., Burgart, L.J.,
Young-Fadok, T., Szurszewski, J.H., Farrugia, G., 2002. Pan-colonic decrease in
interstitial cells of Cajal in patients with slow transit constipation. Gut 51,
496–501.

Lyon, M.F., Quinney, R., Glenister, P.H., Kerscher, S., Guillot, P., Boyd, Y., 1996.
Doublefoot: a new mouse mutant affecting development of limbs and head.
Genet. Res. 68, 221–231.

Lyonnet, S., Bolino, A., Pelet, A., Abel, L., Nihoul-Fekete, C., Briard, M.L., Mok-Siu, V.,
Kaariainen, H., Martucciello, G., Lerone, M., Puliti, A., Luo, Y., Weissenbach, J.,
Devoto, M., Munnich, A., Romeo, G., 1993. A gene for Hirschsprung disease
maps to the proximal long arm of chromosome 10. Nat. Genet. 4, 346–350.

Martucciello, G., Lombardi, L., Savasta, S., Gibbons, R.J., 2006. Gastrointestinal
phenotype of ATR-X syndrome. Am. J. Med. Genet. Part A 140, 1172–1176.

Matera, I., Rusmini, M., Guo, Y., Lerone, M., Li, J., Zhang, J., Di Duca, M., Nozza, P.,
Mosconi, M., Prato, A.P., Martucciello, G., Barabino, A., Morandi, F., De Giorgio,
R., Stanghellini, V., Ravazzolo, R., Devoto, M., Hakonarson, H., Ceccherini, I.,
2016. Variants of the ACTG2 gene correlate with degree of severity and pre-
sence of megacystis in chronic intestinal pseudo-obstruction. Eur. J. Hum.
Genet.

McCallion, A.S., Stames, E., Conlon, R.A., Chakravarti, A., 2003. Phenotype variation
in two-locus mouse models of Hirschsprung disease: tissue-specific interaction
between Ret and Ednrb. Proc. Natl. Acad. Sci. USA 100, 1826–1831.

McKeown, S.J., Stamp, L., Hao, M.M., Young, H.M., 2013. Hirschsprung disease: a
developmental disorder of the enteric nervous system. Wiley interdisciplinary
reviews. Dev. Biol. 2, 113–129.

Meier-Ruge, W.A., Bruder, E., Kapur, R.P., 2006. Intestinal neuronal dysplasia type B:
one giant ganglion is not good enough. Pediatr. Dev. Pathol. 9, 444–452.

Miao, X., Garcia-Barcelo, M.M., So, M.T., Tang, W.K., Dong, X., Wang, B., Mao, J., Ngan,
E.S., Chen, Y., Lui, V.C., Wong, K.K., Liu, L., Tam, P.K., 2010. Lack of association
between nNOS -84G4A polymorphism and risk of infantile hypertrophic py-
loric stenosis in a Chinese population. J. Pediatr. Surg. 45, 709–713.

Miyasaka, K., Ohta, M., Kanai, S., Yoshida, Y., Sato, N., Nagata, A., Matsui, T., Noda, T.,
Jimi, A., Takiguchi, S., Takata, Y., Kawanami, T., Funakoshi, A., 2004. Enhanced
gastric emptying of a liquid gastric load in mice lacking cholecystokinin-B re-
ceptor: a study of CCK-A,B, and AB receptor gene knockout mice. J. Gastro-
enterol. 39, 319–323.

Mochizuki, T., Lemmink, H.H., Mariyama, M., Antignac, C., Gubler, M.C., Pirson, Y.,
Verellen-Dumoulin, C., Chan, B., Schroder, C.H., Smeets, H.J., et al., 1994. Iden-
tification of mutations in the alpha 3(IV) and alpha 4(IV) collagen genes in
autosomal recessive Alport syndrome. Nat. Genet. 8, 77–81.

Nagata, A., Ito, M., Iwata, N., Kuno, J., Takano, H., Minowa, O., Chihara, K., Matsui, T.,
Noda, T., 1996. G protein-coupled cholecystokinin-B/gastrin receptors are re-
sponsible for physiological cell growth of the stomach mucosa in vivo. Proc.
Natl. Acad. Sci. USA 93, 11825–11830.

Natarajan, D., Marcos-Gutierrez, C., Pachnis, V., de Graaff, E., 2002. Requirement of
signalling by receptor tyrosine kinase RET for the directed migration of enteric
nervous system progenitor cells during mammalian embryogenesis. Develop-
ment 129, 5151–5160.

Neilson, I.R., Yazbeck, S., 1990. Ultrashort Hirschsprung's disease: myth or reality. J.
Pediatr. Surg. 25, 1135–1138.

Nishigaki, Y., Marti, R., Copeland, W.C., Hirano, M., 2003. Site-specific somatic mi-
tochondrial DNA point mutations in patients with thymidine phosphorylase
deficiency. J. Clin. Investig. 111, 1913–1921.

Obermayr, F., Hotta, R., Enomoto, H., Young, H.M., 2013. Development and devel-
opmental disorders of the enteric nervous system. Nat. Rev. Gastroenterol.
Hepatol. 10, 43–57.

O'Donnell, A.M., Puri, P., 2011. A role for Pten in paediatric intestinal dysmotility
disorders. Pediatr. Surg. Int. 27, 491–493.

de Oliveira, R.B., Rezende Filho, J., Dantas, R.O., Iazigi, N., 1995. The spectrum of
esophageal motor disorders in Chagas' disease. Am. J. Gastroenterol. 90,

http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref68
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref68
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref68
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref69
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref69
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref69
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref69
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref69
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref70
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref70
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref70
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref70
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref71
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref71
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref71
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref71
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref72
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref72
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref72
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref73
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref73
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref73
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref73
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref74
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref74
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref75
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref75
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref75
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref75
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref75
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref75
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref75
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref76
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref76
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref76
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref76
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref76
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref77
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref77
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref77
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref77
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref77
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref78
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref78
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref78
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref78
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref79
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref79
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref79
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref79
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref80
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref80
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref80
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref80
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref81
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref81
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref81
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref81
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref82
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref82
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref82
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref82
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref82
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref83
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref83
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref83
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref83
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref83
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref84
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref84
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref84
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref85
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref85
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref85
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref85
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref86
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref86
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref86
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref86
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref87
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref87
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref87
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref87
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref88
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref88
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref88
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref88
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref88
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref88
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref88
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref88
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref88
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref89
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref89
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref89
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref89
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref89
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref89
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref90
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref90
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref90
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref91
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref91
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref91
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref92
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref92
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref92
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref92
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref93
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref93
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref93
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref93
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref94
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref94
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref94
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref94
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref95
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref95
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref95
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref96
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref96
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref96
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref96
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref96
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref97
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref97
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref97
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref98
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref98
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref98
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref98
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref98
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref99
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref99
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref99
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref99
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref100
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref100
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref100
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref100
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref101
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref101
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref101
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref101
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref101
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref102
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref102
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref102
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref102
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref103
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref103
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref103
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref103
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref103
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref104
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref104
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref104
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref105
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref105
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref105
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref105
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref105
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref105
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref106
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref106
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref106
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref106
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref107
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref107
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref107
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref107
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref108
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref108
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref108
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref109
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref109
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref109
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref109
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref109
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref109
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref109
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref109
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref110
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref110
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref110
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref110
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref110
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref110
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref111
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref111
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref111
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref111
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref111
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref112
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref112
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref112
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref112
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref112
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref113
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref113
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref113
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref113
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref113
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref114
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref114
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref114
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref115
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref115
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref115
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref115
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref116
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref116
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref116
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref116
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref117
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref117
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref117
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref118
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref118


E. Brosens et al. / Developmental Biology 417 (2016) 198–208 207
1119–1124.
Osatakul, S., Puetpaiboon, A., 2014. Use of Rome II versus Rome III criteria for di-

agnosis of functional constipation in young children. Pediatr. Int. 56, 83–88.
Oue, T., Puri, P., 1999. Altered intramuscular innervation and synapse formation in

internal sphincter achalasia. Pediatr. Surg. Int. 15, 192–194.
Pandolfino, J.E., Gawron, A.J., 2015. Achalasia: a systematic review. J. Am. Med.

Assoc. 313, 1841–1852.
Panza, E., Knowles, C.H., Graziano, C., Thapar, N., Burns, A.J., Seri, M., Stanghellini, V.,

De Giorgio, R., 2012. Genetics of human enteric neuropathies. Prog. Neurobiol.
96, 176–189.

Peeters, B., Benninga, M.A., Hennekam, R.C., 2011. Childhood constipation; an
overview of genetic studies and associated syndromes. Best Pract. Res. Clin.
Gastroenterol. 25, 73–88.

Peeters, B., Benninga, M.A., Hennekam, R.C., 2012. Infantile hypertrophic pyloric
stenosis–genetics and syndromes. Nat. Rev. Gastroenterol. Hepatol. 9, 646–660.

Pfeiffer, R.F., 2001. Brain meets gut: gastroesophageal reflux. Clin. Auton. Res. 11,
3–4.

Pingault, V., Girard, M., Bondurand, N., Dorkins, H., Van Maldergem, L., Mowat, D.,
Shimotake, T., Verma, I., Baumann, C., Goossens, M., 2002. SOX10 mutations in
chronic intestinal pseudo-obstruction suggest a complex physiopathological
mechanism. Hum. Genet. 111, 198–206.

Pingault, V., Bondurand, N., Kuhlbrodt, K., Goerich, D.E., Prehu, M.O., Puliti, A.,
Herbarth, B., Hermans-Borgmeyer, I., Legius, E., Matthijs, G., Amiel, J., Lyonnet,
S., Ceccherini, I., Romeo, G., Smith, J.C., Read, A.P., Wegner, M., Goossens, M.,
1998. SOX10 mutations in patients with Waardenburg-Hirschsprung disease.
Nat. Genet. 18, 171–173.

Piotrowska, A.P., Solari, V., Puri, P., 2003. Distribution of interstitial cells of Cajal in
the internal anal sphincter of patients with internal anal sphincter achalasia
and Hirschsprung disease. Arch. Pathol. Lab. Med. 127, 1192–1195.

de Pontual, L., Pelet, A., Clement-Ziza, M., Trochet, D., Antonarakis, S.E., Attie-Bitach,
T., Beales, P.L., Blouin, J.L., Dastot-Le Moal, F., Dollfus, H., Goossens, M., Katsanis,
N., Touraine, R., Feingold, J., Munnich, A., Lyonnet, S., Amiel, J., 2007. Epistatic
interactions with a common hypomorphic RET allele in syndromic Hirsch-
sprung disease. Hum. Mutat. 28, 790–796.

de Pontual, L., Zaghloul, N.A., Thomas, S., Davis, E.E., McGaughey, D.M., Dollfus, H.,
Baumann, C., Bessling, S.L., Babarit, C., Pelet, A., Gascue, C., Beales, P., Munnich,
A., Lyonnet, S., Etchevers, H., Attie-Bitach, T., Badano, J.L., McCallion, A.S., Kat-
sanis, N., Amiel, J., 2009. Epistasis between RET and BBS mutations modulates
enteric innervation and causes syndromic Hirschsprung disease. Proc. Natl.
Acad. Sci. USA 106, 13921–13926.

Puffenberger, E.G., Hosoda, K., Washington, S.S., Nakao, K., deWit, D., Yanagisawa,
M., Chakravart, A., 1994a. A missense mutation of the endothelin-B receptor
gene in multigenic Hirschsprung's disease. Cell 79, 1257–1266.

Puffenberger, E.G., Kauffman, E.R., Bolk, S., Matise, T.C., Washington, S.S., Angrist,
M., Weissenbach, J., Garver, K.L., Mascari, M., Ladda, R., et al., 1994b. Identity-
by-descent and association mapping of a recessive gene for Hirschsprung dis-
ease on human chromosome 13q22. Hum. Mol. Genet. 3, 1217–1225.

Puig, I., Champeval, D., De Santa Barbara, P., Jaubert, F., Lyonnet, S., Larue, L., 2009.
Deletion of Pten in the mouse enteric nervous system induces gang-
lioneuromatosis and mimics intestinal pseudoobstruction. J. Clin. Investig. 119,
3586–3596.

Puri, P., 1997. Variant Hirschsprung's disease. J. Pediatr. Surg. 32, 149–157.
Puri, P., Shinkai, M., 2005. Megacystis microcolon intestinal hypoperistalsis syn-

drome. Semin. Pediatr. Surg. 14, 58–63.
Rajalakshmi, T., Makhija, P., Babu, M.K., Kini, U., 2003. Intestinal neuronal dysplasia

type A. Indian J. Pediatr. 70, 839–841.
Rettenbacher, M., Reubi, J.C., 2001. Localization and characterization of neuropep-

tide receptors in human colon. Naunyn Schmiedebergs Arch. Pharmcol. 364,
291–304.

Rivera, L.R., Poole, D.P., Thacker, M., Furness, J.B., 2011. The involvement of nitric
oxide synthase neurons in enteric neuropathies. Neurogastroenterol. Motil. 23,
980–988.

Romeo, G., Ronchetto, P., Luo, Y., Barone, V., Seri, M., Ceccherini, I., Pasini, B., Boc-
ciardi, R., Lerone, M., Kaariainen, H., et al., 1994. Point mutations affecting the
tyrosine kinase domain of the RET proto-oncogene in Hirschsprung's disease.
Nature 367, 377–378.

Rossi, E., Villanacci, V., Fisogni, S., Morelli, A., Salerni, B., Grigolato, P., Bassotti, G.,
2007. Chromosomal study of enteric glial cells and neurons by fluorescence
in situ hybridization in slow transit constipation. Neurogastroenterol. Motil. 19,
578–584.

Rossi, J., Luukko, K., Poteryaev, D., Laurikainen, A., Sun, Y.F., Laakso, T., Eerikainen, S.,
Tuominen, R., Lakso, M., Rauvala, H., Arumae, U., Pasternack, M., Saarma, M.,
Airaksinen, M.S., 1999. Retarded growth and deficits in the enteric and para-
sympathetic nervous system in mice lacking GFR alpha2, a functional neurturin
receptor. Neuron 22, 243–252.

Sanchez, M.P., Silos-Santiago, I., Frisen, J., He, B., Lira, S.A., Barbacid, M., 1996. Renal
agenesis and the absence of enteric neurons in mice lacking GDNF. Nature 382,
70–73.

Sanders, K.M., Ward, S.M., Koh, S.D., 2014. Interstitial cells: regulators of smooth
muscle function. Physiol. Rev. 94, 859–907.

Sasselli, V., Pachnis, V., Burns, A.J., 2012. The enteric nervous system. Dev. Biol. 366,
64–73.

Schill, E.M., Lake, J.I., Tusheva, O.A., Nagy, N., Bery, S.K., Foster, L., Avetisyan, M.,
Johnson, S.L., Stenson, W.F., Goldstein, A.M., Heuckeroth, R.O., 2016. Ibuprofen
slows migration and inhibits bowel colonization by enteric nervous system
precursors in zebrafish, chick and mouse. Dev. Biol. 409, 473–488.
Schofield, D.E., Yunis, E.J., 1992. What is intestinal neuronal dysplasia? Pathol.
Annu. 27 (Pt 1), 249–262.

Shirasawa, S., Yunker, A.M., Roth, K.A., Brown, G.A., Horning, S., Korsmeyer, S.J.,
1997. Enx (Hox11L1)-deficient mice develop myenteric neuronal hyperplasia
and megacolon. Nat. Med. 3, 646–650.

Shteyer, E., Edvardson, S., Wynia-Smith, S.L., Pierri, C.L., Zangen, T., Hashavya, S.,
Begin, M., Yaacov, B., Cinamon, Y., Koplewitz, B.Z., Vromen, A., Elpeleg, O.,
Smith, B.C., 2015. Truncating mutation in the nitric oxide synthase 1 gene is
associated with infantile achalasia. Gastroenterology 148 (533–536), e534.

Sivarao, D.V., Mashimo, H., Goyal, R.K., 2008. Pyloric sphincter dysfunction in
nNOS�/� and W/Wv mutant mice: animal models of gastroparesis and duo-
denogastric reflux. Gastroenterology 135, 1258–1266.

Sivarao, D.V., Mashimo, H.L., Thatte, H.S., Goyal, R.K., 2001. Lower esophageal
sphincter is achalasic in nNOS(�/�) and hypotensive in W/W(v) mutant mice.
Gastroenterology 121, 34–42.

Spring, P.J., Kok, C., Nicholson, G.A., Ing, A.J., Spies, J.M., Bassett, M.L., Cameron, J.,
Kerlin, P., Bowler, S., Tuck, R., Pollard, J.D., 2005. Autosomal dominant heredi-
tary sensory neuropathy with chronic cough and gastro-oesophageal reflux:
clinical features in two families linked to chromosome 3p22-p24. Brain 128,
2797–2810.

Sribudiani, Y., Metzger, M., Osinga, J., Rey, A., Burns, A.J., Thapar, N., Hofstra, R.M.,
2011. Variants in RET associated with Hirschsprung's disease affect binding of
transcription factors and gene expression. Gastroenterology 140, 572–582 e572.

Stanghellini, V., Tack, J., 2014. Gastroparesis: separate entity or just a part of dys-
pepsia? Gut 63, 1972–1978.

Stanton, M.P., Hengel, P.T., Southwell, B.R., Chow, C.W., Keck, J., Hutson, J.M.,
Bornstein, J.C., 2003. Cholinergic transmission to colonic circular muscle of
children with slow-transit constipation is unimpaired, but transmission via
NK2 receptors is lacking. Neurogastroenterol. Motil. 15, 669–678.

Svenningsson, A., Soderhall, C., Persson, S., Lundberg, F., Luthman, H., Chung, E.,
Gardiner, M., Kockum, I., Nordenskjold, A., 2012. Genome-wide linkage analysis
in families with infantile hypertrophic pyloric stenosis indicates novel sus-
ceptibility loci. J. Hum. Genet. 57, 115–121.

Swaminathan, M., Oron, A.P., Chatterjee, S., Piper, H., Cope-Yokoyama, S., Chakra-
varti, A., Kapur, R.P., 2015. Intestinal neuronal dysplasia-like submucosal
ganglion cell hyperplasia at the proximal margins of hirschsprung disease re-
sections. Pediatr. Dev. Pathol. 18, 466–476.

Tabbers, M.M., DiLorenzo, C., Berger, M.Y., Faure, C., Langendam, M.W., Nurko, S.,
Staiano, A., Vandenplas, Y., Benninga, M.A., 2014. Evaluation and treatment of
functional constipation in infants and children: evidence-based recommenda-
tions from ESPGHAN and NASPGHAN. J. Pediatr. Gastroenterol. Nutr. 58,
258–274.

Tahara, T., Arisawa, T., Shibata, T., Nakamura, M., Wang, F., Yoshioka, D., Okubo, M.,
Maruyama, N., Kamano, T., Kamiya, Y., Nakamura, M., Fujita, H., Nagasaka, M.,
Iwata, M., Takahama, K., Watanabe, M., Yamashita, H., Nakano, H., Hirata, I.,
2009. 779 TC of CCK-1 intron 1 is associated with postprandial syndrome (PDS)
in Japanese male subjects. Hepatogastroenterology 56, 1245–1248.

Taketomi, T., Yoshiga, D., Taniguchi, K., Kobayashi, T., Nonami, A., Kato, R., Sasaki, M.,
Sasaki, A., Ishibashi, H., Moriyama, M., Nakamura, K., Nishimura, J., Yoshimura,
A., 2005. Loss of mammalian Sprouty2 leads to enteric neuronal hyperplasia
and esophageal achalasia. Nat. Neurosci. 8, 855–857.

Takiguchi, S., Suzuki, S., Sato, Y., Kanai, S., Miyasaka, K., Jimi, A., Shinozaki, H., Ta-
kata, Y., Funakoshi, A., Kono, A., Minowa, O., Kobayashi, T., Noda, T., 2002. Role
of CCK-A receptor for pancreatic function in mice: a study in CCK-A receptor
knockout mice. Pancreas 24, 276–283.

Taylor, T.N., Caudle, W.M., Shepherd, K.R., Noorian, A., Jackson, C.R., Iuvone, P.M.,
Weinshenker, D., Greene, J.G., Miller, G.W., 2009. Nonmotor symptoms of Par-
kinson's disease revealed in an animal model with reduced monoamine storage
capacity. J. Neurosci. 29, 8103–8113.

Tong, W.D., Liu, B.H., Zhang, L.Y., Zhang, S.B., 2006. Analysis of the c-kit gene in
patients with slow transit constipation. Gut 55, 1207–1208.

Torroglosa, A., Enguix-Riego, M.V., Fernandez, R.M., Roman-Rodriguez, F.J., Moya-
Jimenez, M.J., de Agustin, J.C., Antinolo, G., Borrego, S., 2014. Involvement of
DNMT3B in the pathogenesis of Hirschsprung disease and its possible role as a
regulator of neurogenesis in the human enteric nervous system. Genet. Med.
16, 703–710.

Tullio-Pelet, A., Salomon, R., Hadj-Rabia, S., Mugnier, C., de Laet, M.H., Chaouachi, B.,
Bakiri, F., Brottier, P., Cattolico, L., Penet, C., Begeot, M., Naville, D., Nicolino, M.,
Chaussain, J.L., Weissenbach, J., Munnich, A., Lyonnet, S., 2000. Mutant WD-
repeat protein in triple – a syndrome. Nat. Genet. 26, 332–335.

Tzavella, K., Riepl, R.L., Klauser, A.G., Voderholzer, W.A., Schindlbeck, N.E., Muller-
Lissner, S.A., 1996. Decreased substance P levels in rectal biopsies from patients
with slow transit constipation. Eur. J. Gastroenterol. Hepatol. 8, 1207–1211.

Uesaka, T., Enomoto, H., 2010. Neural precursor death is central to the pathogenesis
of intestinal aganglionosis in Ret hypomorphic mice. J. Neurosci. 30, 5211–5218.

Uesaka, T., Nagashimada, M., Enomoto, H., 2013. GDNF signaling levels control
migration and neuronal differentiation of enteric ganglion precursors. J. Neu-
rosci. 33, 16372–16382.

Uesaka, T., Nagashimada, M., Yonemura, S., Enomoto, H., 2008. Diminished Ret
expression compromises neuronal survival in the colon and causes intestinal
aganglionosis in mice. J. Clin. Investig. 118, 1890–1898.

Van Goethem, G., Schwartz, M., Lofgren, A., Dermaut, B., Van Broeckhoven, C.,
Vissing, J., 2003. Novel POLG mutations in progressive external ophthalmo-
plegia mimicking mitochondrial neurogastrointestinal encephalomyopathy.
Eur. J. Hum. Genet. 11, 547–549.

Van Goethem, G., Luoma, P., Rantamaki, M., Al Memar, A., Kaakkola, S., Hackman, P.,

http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref118
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref118
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref119
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref119
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref119
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref120
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref120
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref120
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref121
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref121
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref121
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref122
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref122
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref122
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref122
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref123
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref123
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref123
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref123
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref124
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref124
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref124
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref125
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref125
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref125
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref126
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref126
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref126
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref126
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref126
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref127
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref127
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref127
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref127
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref127
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref127
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref128
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref128
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref128
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref128
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref129
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref129
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref129
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref129
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref129
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref129
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref130
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref130
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref130
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref130
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref130
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref130
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref130
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref131
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref131
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref131
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref131
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref132
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref132
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref132
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref132
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref132
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref133
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref133
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref133
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref133
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref133
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref134
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref134
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref135
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref135
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref135
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref136
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref136
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref136
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref137
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref137
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref137
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref137
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref138
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref138
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref138
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref138
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref139
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref139
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref139
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref139
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref139
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref140
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref140
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref140
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref140
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref140
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref141
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref141
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref141
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref141
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref141
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref141
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref142
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref142
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref142
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref142
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref143
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref143
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref143
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref144
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref144
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref144
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref145
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref145
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref145
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref145
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref145
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref146
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref146
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref146
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref147
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref147
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref147
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref147
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref148
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref148
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref148
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref148
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref149
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref149
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref149
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref149
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref149
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref149
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref150
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref150
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref150
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref150
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref150
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref150
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref151
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref151
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref151
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref151
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref151
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref151
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref152
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref152
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref152
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref153
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref153
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref153
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref154
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref154
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref154
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref154
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref154
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref155
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref155
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref155
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref155
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref155
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref156
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref156
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref156
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref156
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref156
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref157
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref157
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref157
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref157
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref157
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref157
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref158
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref158
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref158
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref158
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref158
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref158
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref159
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref159
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref159
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref159
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref159
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref160
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref160
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref160
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref160
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref160
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref161
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref161
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref161
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref161
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref161
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref162
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref162
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref162
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref163
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref163
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref163
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref163
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref163
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref163
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref164
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref164
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref164
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref164
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref164
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref165
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref165
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref165
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref165
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref166
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref166
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref166
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref167
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref167
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref167
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref167
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref168
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref168
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref168
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref168
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref169
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref169
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref169
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref169
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref169
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref170


E. Brosens et al. / Developmental Biology 417 (2016) 198–208208
Krahe, S.D., Lofgren, A., Martin, J.J., De Jonghe, P., Suomalainen, A., Udd, B., Van
Broeckhoven, C., 2004. POLG mutations in neurodegenerative disorders with
ataxia but no muscle involvement. Neurology 63, 1251–1257.

Vanderwinden, J.M., Liu, H., De Laet, M.H., Vanderhaeghen, J.J., 1996a. Study of the
interstitial cells of Cajal in infantile hypertrophic pyloric stenosis. Gastro-
enterology 111, 279–288.

Vanderwinden, J.M., Mailleux, P., Schiffmann, S.N., Vanderhaeghen, J.J., De Laet, M.
H., 1992. Nitric oxide synthase activity in infantile hypertrophic pyloric ste-
nosis. N. Engl. J. Med. 327, 511–515.

Vanderwinden, J.M., Rumessen, J.J., Liu, H., Descamps, D., De Laet, M.H., Vander-
haeghen, J.J., 1996b. Interstitial cells of Cajal in human colon and in Hirsch-
sprung's disease. Gastroenterology 111, 901–910.

Verny, C., Amati-Bonneau, P., Letournel, F., Person, B., Dib, N., Malinge, M.C., Slama,
A., Le Marechal, C., Ferec, C., Procaccio, V., Reynier, P., Bonneau, D., 2008. Mi-
tochondrial DNA A3243G mutation involved in familial diabetes, chronic in-
testinal pseudo-obstruction and recurrent pancreatitis. Diabetes Metab. 34,
620–626.

Vondrackova, A., Vesela, K., Kratochvilova, H., Kucerova Vidrova, V., Vinsova, K.,
Stranecky, V., Honzik, T., Hansikova, H., Zeman, J., Tesarova, M., 2014. Large copy
number variations in combination with point mutations in the TYMP and SCO2
genes found in two patients with mitochondrial disorders. Eur. J. Hum. Genet.
22, 431–434.

Vougas, V., Vardas, K., Christou, C., Papadimitriou, G., Florou, E., Magkou, C., Kar-
amanolis, D., Manganas, D., Drakopoulos, S., 2014. Intestinal neuronal dysplasia
type B in adults: a controversial entity. Case Rep. Gastroenterol. 8, 7–12.
Wangler, M.F., Gonzaga-Jauregui, C., Gambin, T., Penney, S., Moss, T., Chopra, A.,
Probst, F.J., Xia, F., Yang, Y., Werlin, S., Eglite, I., Kornejeva, L., Bacino, C.A., Bal-
dridge, D., Neul, J., Lehman, E.L., Larson, A., Beuten, J., Muzny, D.M., Jhangiani, S.,
Baylor-Hopkins Center for Mendelian, G., Gibbs, R.A., Lupski, J.R., Beaudet, A.,
2014. Heterozygous de novo and inherited mutations in the smooth muscle
actin (ACTG2) gene underlie megacystis-microcolon-intestinal hypoperistalsis
syndrome. PLoS Genet. 10, e1004258.

van der Weyden, L., Happerfield, L., Arends, M.J., Adams, D.J., 2009. Mega-
oesophagus in Rassf1a-null mice. Int. J. Exp. Pathol. 90, 101–108.

Winter, R.M., Baraitser, M., 1987. The London Dysmorphology Database. J. Med.
Genet. 24, 509–510.

Wouters, M.M., Lambrechts, D., Becker, J., Cleynen, I., Tack, J., Vigo, A.G., Ruiz de
Leon, A., Urcelay, E., Perez de la Serna, J., Rohof, W., Annese, V., Latiano, A.,
Palmieri, O., Mattheisen, M., Mueller, M., Lang, H., Fumagalli, U., Laghi, L., Za-
ninotto, G., Cuomo, R., Sarnelli, G., Nothen, M.M., Vermeire, S., Knapp, M.,
Gockel, I., Schumacher, J., Boeckxstaens, G.E., 2014. Genetic variation in the
lymphotoxin-alpha (LTA)/tumour necrosis factor-alpha (TNFalpha) locus as a
risk factor for idiopathic achalasia. Gut 63, 1401–1409.

Yik, Y.I., Farmer, P.J., King, S.K., Chow, C.W., Hutson, J.M., Southwell, B.R., 2011.
Gender differences in reduced substance P (SP) in children with slow-transit
constipation. Pediatr. Surg. Int. 27, 699–704.

Zhao, R.H., Baig, M.K., Mack, J., Abramson, S., Woodhouse, S., Wexner, S.D., 2002.
Altered serotonin immunoreactivities in the left colon of patients with colonic
inertia. Colorectal Dis. 4, 56–60.

http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref170
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref170
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref170
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref170
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref171
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref171
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref171
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref171
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref172
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref172
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref172
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref172
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref173
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref173
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref173
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref173
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref174
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref174
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref174
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref174
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref174
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref174
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref175
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref175
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref175
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref175
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref175
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref175
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref176
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref176
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref176
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref176
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref177
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref177
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref177
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref177
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref177
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref177
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref177
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref178
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref178
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref178
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref179
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref179
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref179
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref180
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref180
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref180
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref180
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref180
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref180
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref180
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref180
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref181
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref181
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref181
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref181
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref182
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref182
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref182
http://refhub.elsevier.com/S0012-1606(16)30362-1/sbref182

	Genetics of enteric neuropathies
	Introduction
	Enteric neuropathies
	Esophageal achalasia
	Gastroesophageal reflux disease
	Hypertrophic pyloric stenosis
	Gastroparesis
	Intestinal neuronal dysplasia
	Chronic intestinal pseudo obstruction
	Functional constipation
	Hirschsprung disease
	Internal anal sphincter achalasia

	Common denominators in GI enteric neuropathies
	Neuronal composition
	Neuronal numbers
	Seesaw model of motility disorder development

	Conclusions
	Acknowledgements
	References




