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1. Introduction

Gastroesophageal reflux disease (GERD) is one of the representative esophageal disorders
and can severely influence the quality of life in humans (Jung, 2011, Moayyedi & Talley,
2006; Salvatore & Vandenplas, 2003). In GERD patients, abnormal reflux of gastric contents
to the esophagus causes chest pain and heartburn (Moayyedi & Talley, 2006; Salvatore &
Vandenplas, 2003). Esophageal mucosal erosions and/or ulcers are formed by acid exposure
(Moayyedi & Talley, 2006; Salvatore & Vandenplas, 2003). On the other hand, patients with
nonerosive reflux disease (NERD), one phenotype of GERD, have typical reflux symptoms
induced by intraesophageal reflux of gastric contents but have no visible esophageal
mucosal injury (Long & Orlando, 2008; Tack, 2005, Winter & Heading, 2008). GERD is
caused mainly by acid reflux due to abnormal relaxation of the lower esophageal sphincter
(LES) and/ or low activity of clearance in the esophageal body (DeMeester et al., 1979; Grossi
et al., 1998; Grossi et al., 2006; Moayyedi & Talley, 2006; Nagahama et al., 2003). Abnormal
relaxation of the LES and low activity of clearance might be associated with dysmotility of
the esophagus. The motility in the esophageal body and LES is regulated by both the central
and peripheral nervous systems (Clouse & Diamant, 2006; Conklin & Christensen, 1994;
Cunningham & Sawchenko, 1990; Jean, 2001; Neuhuber et al., 2006; Park & Conklin, 1999;
Worl & Neuhuber, 2005). Therefore, dysfunction of neural regulation seems to cause
abnormal motility in the esophagus, resulting in excessive acid reflux and then GERD
(Moayyedi & Talley, 2006; Orlando, 1997; Parkman & Fisher, 1997; Salvatore & Vandenplas,
2003; Vandenplas & Hassall, 2002).

In fact, there are many reports about the involvement of esophageal dysmotility in the
pathogenic mechanism of GERD (Dogan & Mittal, 2006; Moayyedi & Talley, 2006; Orlando,
1997; Parkman & Fisher, 1997; Salvatore & Vandenplas, 2003; Shiina et al., 2010; Vandenplas
& Hassall, 2002). On the other hand, since neural regulatory mechanisms of esophageal
motiliy, especially roles of the intrinsic nervous system in the striated muscle portion, have
remained to be clarified (Clouse & Diamant, 2006; Conklin & Christensen, 1994; Goyal &
Chaudhury, 2008), little attention has been paid to the relationship between intrinsic neural
regulatory mechanisms for esophageal motility and pathophysiology of GERD. Discussion
of this relationship is important and might indicate novel therapeutic targets for GERD. In
this chapter, we describe neural regulation of the esophageal motility on the basis of results
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4 Gastroesophageal Reflux Disease

of our studies, and we discuss the relationship between pathogenic mechanisms of GERD
and esophageal dysmotility.

2. Neural regulation of esophageal motility

The tunica muscularis of the stomach, small intestine and large intestine is constituted
entirely of smooth muscle (Makhlouf & Murthy, 2009). Gastrointestinal smooth muscle
motility is regulated by the enteric nervous system (Furness, 2006; Hansen, 2003; Kunze &
Furness, 1999; Olsson & Holmgren, 2001; 2011). The sequence of peristaltic events does not
depend on extrinsic autonomic innervation but rather involves the activation of intrinsic
sensory neurons, which are coupled via modulatory interneurons to excitatory and
inhibitory motor neurons projecting into the smooth muscle layer (Furness, 2006; Hansen,
2003; Kunze & Furness, 1999; Olsson & Holmgren, 2001; 2011).

In contrast to other gastrointestinal tracts, the external muscle layer of the mammalian
esophagus contains striated muscle fibers, which extend from the pharyngoesophageal
junction to the thoracic or even abdominal portion, depending on the species (Izumi et al.,
2002; Neuhuber et al., 2006; Shiina et al., 2005, Wooldridge et al., 2002; Worl & Neuhuber,
2005) (Fig.1). In humans, horses, cats and pigs, the upper and lower portions of the
esophagus are composed of striated and smooth muscles, respectively, with a mixed portion
between them. In dogs, ruminants and rodents including mice, rats and hamsters, the
muscle layer of the esophagus consists mostly of striated muscle fibers. On the other hand,
the tunica muscularis of the LES consists of smooth muscles (Neuhuber et al., 2006; Worl &
Neuhuber, 2005). Esophageal motility is controlled centrally by an extrinsic neuronal
mechanism and peripherally by an intrinsic neuronal mechanism (Clouse & Diamant, 2006;
Conklin & Christensen, 1994; Cunningham & Sawchenko, 1990; Goyal & Chaudhury, 2008;
Jean, 2001; Neuhuber et al., 2006; Park & Conklin, 1999; Worl & Neuhuber, 2005). Below, we
describe the neuronal controls of these two muscle types in the esophageal body and
smooth muscles in the LES.

Human, Horse, Cat, Pig

0 )

Oral . Aboral
Rodents, Dog, Ruminants

[ Striated muscle

[ Mixture
[} Smooth muscle

Fig. 1. Tunica muscularis of the esophageal body in mammals. Left is oral side and right is
aboral side.
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Neural Regulatory Mechanisms of Esophageal Motility and Its Implication for GERD 5

2.1 Esophageal body

The mechanisms of peristalsis control are different between striated muscle and smooth
muscle in the esophageal body. However, in both portions, esophageal peristalsis is
controlled by the swallowing pattern generator (SPG) located in the brainstem (Bieger, 1993;
Bieger & Neuhuber, 2006; Conklin & Christensen, 1994; Jean, 2001; Jean & Dallaporta, 2006),
depending on extrinsic neurons unlike other gastrointestinal tracts.

2.1.1 Neural control of peristalsis in the esophageal striated muscle portion

According to the conventional view, the SPG both initiates and organizes peristalsis in the
striated esophageal muscle, i.e.,, both primary and secondary peristaltic contractions are
centrally mediated in the striated muscle portion (Bieger, 1993; Bieger & Neuhuber, 2006;
Conklin & Christensen, 1994; Goyal & Chaudhury, 2008; Jean & Dallaporta, 2006). Striated
muscle fibers are innervated exclusively by excitatory vagal efferents that arise from motor
neurons localized in the nucleus ambiguus and terminate on motor endplates (Bieger &
Hopkins, 1987; Cunningham & Sawchenko, 1990; Neuhuber et al., 1998). We could confirm
this view additionally by demonstrating that vagal nerve stimulation evokes twitch
contractile responses of the striated muscle in an isolated segment of mammalian
esophagus, which are abolished by d-tubocurarine, an antagonist of nicotinic acetylcholine
receptors on the striated muscle, but not by atropine, an antagonist of muscarinic
acetylcholine receptors on the smooth muscle, or hexamethonium, a blocker of ganglionic
acetylcholine receptors (Boudaka et al., 2007a; Boudaka et al., 2007b; Izumi et al., 2003;
Shiina et al., 2006). Peristalsis in the striated esophageal muscle is executed according to a
sequence pre-programmed in the compact formation of the nucleus ambiguus (Andrew,
1956). The compact formation of the nucleus ambiguus receives projections from the central
subnucleus of the nucleus of the solitary tract (Barrett et al, 1994; Cunningham &
Sawchenko, 1989; Lu & Bieger, 1998), which in turn receives vagal afferents from the
esophagus (Altschuler et al., 1989; Ross et al., 1985), thus closing a reflex loop for esophageal
motor control (Bieger, 1993; Cunningham & Sawchenko, 1990; Lu & Bieger, 1998). Neural
controls of motility in the striated muscle esophagus are illustrated in Fig. 2.

Medulla
oblongata

Afferent

Efferent| Vagus

Striated muscle

Fig. 2. Neural control of peristalsis in the striated muscle portion of the esophagus by vago-
vagal reflex. ACh; acetylcholine.
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6 Gastroesophageal Reflux Disease

2.1.2 Neural control of peristalsis in the esophageal smooth muscle portion

In contrast to striated muscle, motor innervation of the smooth muscle esophagus is more
complex. Here, the SPG initiates peristalsis via preganglionic neurons in the dorsal motor
nucleus of the vagus that project to the myenteric ganglia in the esophagus, i.e., the primary
peristalsis involves both central and peripheral mechanisms (Conklin & Christensen, 1994).
The smooth muscle is innervated by myenteric motor neurons that can release acetylcholine,
tachykinins or nitric oxide (NO) (Conklin & Christensen, 1994; Furness, 2006). However, the
progressing front of contraction is organized by virtue of their local reflex circuits that are
composed of sensory neurons, interneurons and motor neurons as elsewhere in the gut, i.e.,
the secondary peristalsis is entirely due to peripheral mechanisms in the smooth muscle
esophagus (Clouse & Diamant, 2006; Conklin & Christensen, 1994; Goyal & Chaudhury,
2008). In fact, the smooth muscle esophagus can exhibit propulsive peristaltic contractions in
response to an intraluminal bolus of food even in a vagotomy model (Cannon, 1907;
Tieffenbach & Roman, 1972). Moreover, peristaltic reflexes can be elicited by distention in an
isolated segment of the smooth muscle esophagus from the opossum (Christensen & Lund,
1969). Neural controls of motility in the smooth muscle esophagus are illustrated in Fig. 3.

A

Medulla
oblongata
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Efferent| Vagus
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Intrinsic
neuron
ACh

TK ANO
e X o X o>
e X = O

Afferent

Smooth muscle

Motor Interneuron
neuron >_o Sensoty
neuron
ACh
NO
.e
Smooth muscle

Fig. 3. Neural control of peristalsis in the smooth muscle portion of the esophagus. (A) Vagal
innervation for primary peristalsis. (B) Local reflex circuit by enteric neurons for secondary
peristalsis. ACh; acetylcholine. TK; tachykinin. NO; nitric oxide.

2.2 Involvement of intrinsic neurons in motility of the esophageal striated muscle

The striated muscle fibers in the esophagus were hitherto considered as ‘classical” skeletal
muscle fibers, innervated exclusively by excitatory vagal motor neurons, which terminate on
motor endplates (Bieger & Hopkins, 1987; Cunningham & Sawchenko, 1990; Neuhuber et
al., 1998). It is believed that peristalsis in the striated esophageal muscle is executed
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Neural Regulatory Mechanisms of Esophageal Motility and Its Implication for GERD 7

according to a sequence pre-programmed in a medullary swallowing network and
modulated via vago-vagal reflexes as described above (Clouse & Diamant, 2006; Conklin &
Christensen, 1994; Jean, 2001, Mukhopadhyay & Weisbrodt, 1975; Park & Conklin, 1999;
Roman & Gonella, 1987). On the other hand, the presence of a distinct ganglionated
myenteric plexus in the striated muscle portion of the mammalian esophagus, comparable
to other gastrointestinal tracts, has been well known for a long time (Gruber, 1968; Stefanelli,
1938). However, functional roles of the intrinsic nervous system in peristalsis of the striated
muscle in the esophagus have remained enigmatic and have been neglected in concepts of
peristaltic control (Clouse & Diamant, 2006; Conklin & Christensen, 1994; Diamant, 1989;
Worl & Neuhuber, 2005). To clarify roles of the intrinsic nervous system in motility of the
esophageal striated muscle, morphological and then functional studies have been
performed.

2.2.1 Morphological investigation

Investigation of the regulatory role of intrinsic neurons in the esophagus was advanced by
the discovery of ‘enteric co-innervation’ of esophageal motor endplates (Neuhuber et al.,
1994; Worl et al., 1994). The enteric co-innervation challenged the conventional view of
peristalsis control in the striated esophageal muscle. Originally described in the rat,
esophageal striated muscle receives dual innervation from both vagal motor fibers
originating in the brainstem and varicose intrinsic nerve fibers originating in the myenteric
plexus (Neuhuber et al., 1994; Worl et al., 1994). This new paradigm of striated muscle
innervation has meanwhile been confirmed in a variety of species including humans,
underlining its significance (Kallmunzer et al., 2008; Worl & Neuhuber, 2005). It has been
demonstrated that neuronal nitric oxide synthase (nNNOS) was highly colocalized with
vasoactive intestinal peptide (VIP), neuropeptide Y (NPY), galanin and Met-enkephalin in
enteric nerve terminals on esophageal motor endplates (Kuramoto & Endo, 1995; Neuhuber
et al., 2001; Neuhuber et al., 1994; Worl et al., 1998; Worl et al., 1994; Worl et al., 1997; Wu et
al., 2003). These markers are suggestive of inhibitory modulation of vagally-induced striated
muscle contraction (Worl & Neuhuber, 2005). Since morphological studies revealed further
that spinal afferent nerve fibers closely innervate myenteric neurons in the esophagus
(Holzer, 1988; Kuramoto et al., 2004; Mazzia & Clerc, 1997; Worl & Neuhuber, 2005), the
presence of ‘a peripheral mechanism’ regulating the motility of esophageal striated muscle
including afferent and enteric neurons in the esophagus was suggested (Neuhuber et al.,
2001; Worl & Neuhuber, 2005).

2.2.2 Functional aproaches

Efforts have been made to demonstrate ‘a peripheral mechanism” regulating the motility of
esophageal striated muscle by functional experiments, but it had been difficult to prove the
hypothesis. For example, in an approach using a vagus nerve-esophagus preparation from
the rat, Storr et al. tested effects of exogenous application of VIP, galanin, a NOS inhibitor,
and an NO-donor on vagally induced contraction of the striated esophageal muscle, but no
significant effect could be ascertained (Storr et al., 2001). They also demonstrated inhibitory
effects of exogenous application of endomorphin-1 and -2 on striated and smooth muscle
contraction in the rat esophagus but did not provide evidences that endogenously released
intrinsic neural components can affect the esophageal motility (Storr et al., 2000).
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8 Gastroesophageal Reflux Disease

However, our research group demonstrated roles of intrinsic neuorns in the esophageal
striated muscle by functional studies using stimulants of sensory neurons such as capsaicin
and piperine, which are main pungents from red pepper and black pepper, respectively
(Boudaka et al., 2007a; Boudaka et al., 2007b; Boudaka et al., 2009; Izumi et al., 2003; Shiina
et al., 2006). In brief, we isolated rodent esophagi and performed electrical stimulation of the
vagal nerves, which evoked contractile responses of the striated esophageal muscle.
Capsaicin or piperine inhibited the vagally-mediated contractions of the esophageal
preparations via attenuating acetylcholine release from the vagus nerve. In addition, the
inhibitory effects of capsaicin or piperine on the contractile responses were blocked by
inhibitors to prevent funtions of several neurotransmitters in enteric or sensory neurons
such as NO, tachykinins and galanin (Boudaka et al., 2007a; Boudaka et al., 2007b; Boudaka
et al,, 2009; Izumi et al, 2003; Shiina et al., 2006). The experiments demonstrated that
capsaicin or piperine can induce release of endogenous neurotransmitters, which exert the
inhibitiory effects on motility of the esophagus. These findings indicate that the mammalian
esophagus has a putative local neural reflex that regulates the motility of striated muscle by
inhibiting acetylcholine release from vagal motor neurons pre-synaptically (Figs. 4, 5 and 6),
which solidify and extend the recently raised hypothesis on the basis of results of
morphological studies (Worl & Neuhuber, 2005). This reflex arc consists of capsaicin-
sensitive, transient receptor potential vanilloid 1 (TRPV1)-positive, afferent neurons and
inhbitory myenteric neurons. The local neural reflex might be involved in coordinating
esophageal peristalsis in the striated muscle portion (Shiina et al., 2010).

Rat esophagus

Vagal efferentl

Primary afferent (spinal?)

I(<TK °—<NO
Intrinsic ACh

NeuUuron ||

TRPV1 ===
,-‘er( Striated muscle
0.0
Capsaicin
Acid (H*)

Fig. 4. Local neural reflex in the striated muscle portion of the rat esophagus. Acid as well as
capsaicin can stimulate primary afferent neurons and then activate the local reflex arc. ACh;
acetylcholine. TK; tachykinin. NO; nitric oxide. TRPV1; transient receptor potential vanilloid 1.

For these experiments, hamsters, rats and mice have been used. Interestingly, neuronal
pathways for the inhibitory effects of capsaicin or piperine are slightly different depending
on the species. In the rat esophagus, the inhibitory effect of capsaicin on contractile
responses was blocked by a NOS inhibitor or a tachykinin NK; receptor antagonist,
suggesting that the local neural reflex invloves tachykininergic afferent neurons and
intrinsic nitrergic neurons (Shiina et al., 2006) (Fig. 4). Hamsters and mice also have a similar
neural pathway (Figs. 5 and 6). In addition to trials using capsacin as a stimulator for
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Neural Regulatory Mechanisms of Esophageal Motility and Its Implication for GERD 9

afferents, piperine was used in experiments with mice and hamsters. In the hamster
esophagus, the piperine-activated neural pathway seems to be similar to the capsaicin-
activated one, which invloves caisain-sensitive afferent neurons and myenteric nitrergic
neurons (Izumi et al., 2003) (Fig. 5).

Hamster esophagus

Vagal efferent

Primary afferent (spinal?)

IK(TK O—<N0 A
Intrinsic ACh

neuron s f |
—

TRPVA ===
o Striated muscle
7N
... 000
Capsaicin Piperine
Acid (H*)

Fig. 5. Local neural reflex in the striated muscle portion of the hamster esophagus. Acid as
well as capsaicin and piperine can stimulate primary afferent neurons and then activate the
local reflex arc. ACh; acetylcholine. TK; tachykinin. NO; nitric oxide. TRPV1; transient
receptor potential vanilloid 1.

However, in the mouse esophagus, these two pathways are independent because piperine
can exert inhibitory action on esophageal contractions even after desentitization of
capsaisin-sensitive neurons by pretreatment with capsaicin (Boudaka et al., 2007a) (Fig. 6).
This is supported by evidence that the capsaicin-mediated inhibition was reversed by a NOS
inhibitor or a tachykinin NK; receptor antagonist but that the piperine-sensitive pathway
was not affected by the same treatments (Boudaka et al., 2007a). In addition, it has been
demonstrated that mice have another neural reflex arc including myenteric galaninergic
neurons in the esophagus (Boudaka et al., 2009) (Fig. 6).

Rodents including the rat, mouse, guinea pig and hamster have mainly been used as model
animals for analysis of the intrinsic nervous system in the esophageal striated muscle
because their esophagi are composed entirely of striated muscles (W6rl & Neuhuber, 2005).
Suncus murinus (a house musk shrew; ‘suncus’ used as a laboratory name) is a small
laboratory animal that belongs to a species of insectivore (Tsutsui et al., 2009; Ueno et al.,
1987). Suncus has the ability to vomit in response to mild shaking or ingestion of chemicals
(Andrews et al., 1996; Ueno et al., 1987). Since rodents including rats and mice do not show
an emetic reflex, suncus has been extensively used to examine the mechanism of emetic
responses and to develop antiemetic drugs (Andrews et al., 1996; Cheng et al., 2005; Sam et
al., 2003; Uchino et al., 2002; Yamamoto et al., 2009). Hempfling et al. reported that the
suncus esophagus has morphological features similar to those in rats and mice: intrinsic
nitrergic nerves innervate motor endplates on striated muscle cells, which is called ‘enteric
co-innervation” (Hempfling et al.,, 2009). In addition, our examinations demonstrated
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10 Gastroesophageal Reflux Disease

functionally that the striated muscle portion in the suncus esophagus has a peripheral
neuronal mechanism by nitrergic neurons as in rodent esophagi (unpublished data). This
fact indicates that the presence of intrinsic nervous regulation on esophageal striated muscle
is across species, which might imply pathological and physiological significance of the
intrinsic nervous system in the regulation of esophageal motility.

It should be noted that the majority of findings described is related to the striated muscle of
the animal esophagus and cannot be simply transferred to the human esophagus. Thus,
more progress in basic research on the human esophagus may be required to elucidate the
pathogenesis of GERD.

Mouse esophagus

Vagal efferent

Primary afferent

(spinal?)
GAL

L((TKO—(NO 75> )\I

Intrinsic  ACh

NeUron - |
| | |
TRPV1

Striated muscle
’-"‘ ..... A
[ T I
0.0 ‘~OOO
Capsaicin Piperine
Acid (H*)

Fig. 6. Local neural reflex in the striated muscle portion of the mouse esophagus. Acid as
well as capsaicin can stimulate primary afferent neurons and then activate the local reflex
arc. ACh; acetylcholine. TK; tachykinin. NO; nitric oxide. GAL; galanin. TRPV1; transient
receptor potential vanilloid 1.

23 LES

The LES is a specialized region of the esophageal circular smooth muscle that allows the
passage of a swallowed bolus to the stomach and prevents reflux of gastric contents into the
esophagus (Farre & Sifrim, 2008; Clouse & Diamant, 2006; Conklin & Christensen, 1994;
Goyal & Chaudhury, 2008). Appropriate opening and closure of the LES is controlled by
neuronal mechanisms that normally maintain tonic contration of the musculature to prevent
reflux and cause relaxation during swallowing (Mittal et al., 1995; Yuan et al., 1998). The LES
is innervated by both extatory and inhibitory motor neurons that are located in the
myenteric plexus of the LES and the esophgeal body (Brookes et al., 1996). Acetylcholine
and NO are the main excitatory and inhibitory neurotransmitters involved in LES
contraction and relaxation, respectively (Farre & Sifrim, 2008). In addition, VIP, ATP, carbon
monoxide (CO), and calcitonin gene-related peptide (CGRP) also have been proposed as
putative neurotransmitters in the LES (Chang et al., 2003; Farre et al., 2006; Farre & Sifrim,
2008; Uc et al., 1999). A subclass of intrinsic neurons are innervated by vagal preganglionic
fibers as postganglionic neurons (Diamant, 1989; Goyal & Chaudhury, 2008). Neural
controls of motility in the LES are illustrated in Fig. 7.
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3. Dysmotility of the esophagus and GERD

As described above, esophageal motility is regulated centrally by vagal motor neurons and
peripherally by myenteric neurons, especially cholinergic and nitrergic neurons (Figs. 2 and
3). Here, we have discussed the hypothesis that dysmotility of the esophagus is involved in
the pathogenic mechanisms of GERD.

Medulla
oblongata

Efferents

Smooth muscle

Acid (H*)
Esophageal
Boty LES

Fig. 7. Neural control of the the lower esophageal sphincter (LES). Acid can stimulate
primary afferent neurons and then activate intrinsic motor neurons. ACh; acetylcholine. TK;
tachykinin. NO; nitric oxide.

3.1 Gastroesophageal reflux and dysfunction of neural controls of esophageal
motility

GERD is caused mainly by acid reflux due to abnormal relaxation of the LES and/or low
activity of clearance in the esophageal body (DeMeester et al., 1979; Grossi et al., 2006; Grossi
et al.,, 1998; Moayyedi & Talley, 2006; Nagahama et al., 2003). Gastroesophageal reflux itself
occurs in almost all individuals to some degree (Holloway, 2000; Vandenplas & Hassall, 2002).
The esophageal body is a major component of the antireflux mechanism. Once reflux has
occured, the reflux contents can be cleared by peristaltic sequences (Holloway, 2000). An intact
peristaltic mechanism is essential for effective acid clearance. Thus, disruption of esophageal
persistalsis affects clearance of the refluxate, resulting in exceccive acid reflux and then onset
of GERD (Kabhrilas et al., 1988; Moayyedi & Talley, 2006).

In fact, it has been suggested that the pathogenesis of some esophageal disorders icluding
GERD is involved in dysfunction of neural regulation such as imbalance of excitatory and
inhibitory components of neurons and disruption of neural components (Banerjee et al.,
2007; Kim et al., 2008; Mittal & Bhalla, 2004; Shiina et al., 2010). In GERD patients, ineffective
esophageal motility (IEM), a typical hypocontractile disorder, is the most common motor
abnormality (Lemme et al., 2005). IEM patients have more than the normal number of
nNOS-positive neurons in circular muscle in the esophagus, which might result in
enhancement of inhibitory neural components (Leite et al., 1997; Lemme et al., 2005). On the
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12 Gastroesophageal Reflux Disease

other hand, esophageal dysfunctions and then GERD occur frequently in patients with
diabetes mellitus (Phillips et al., 2006; Sellin & Chang, 2008). This is a typical symptom of
diabetic neuropathy in which enteric neurons decrease (Chandrasekharan & Srinivasan,
2007). These facts indicate that imbalance of excitatory and inhibitory innervations, resulting
in disfunction of esophageal persistalsis in the esophageal body, can be associated with
onset of GERD possibly via attenuation of clearance activity and then excessive acid reflux.

3.2 Involvement of excessive activation of the local inhibitory neural reflex in onset of
GERD

We have reported that application of capsaicin remarkably can attenuate the mechanical
activity of the esophageal striated muscle via activation of the local neural reflex including
primary afferents and intrinsic neuorns in our experimental conditions in vitro (Boudaka et
al., 2007a; Boudaka et al., 2007b; Izumi et al., 2003; Shiina et al., 2006). Thus, the local neural
reflex might be involved in not only coordinating esophageal peristalsis but also dysmotility
of the esophagus and then the pathogenesis of GERD. Acid exposure not only induces
inflammation in the esophageal mucosa (Rieder et al.,, 2010) but also might influence
afferent neurons expressing TRPV1, which can be stimulated by protons (Tominaga &
Tominaga, 2005). If acid excessively activates local neural reflex in the esophageal body,
esophageal motility might be attenuated, resulting in decrease of clearance activity (Figs. 4,
5, 6). In accordance with this, low pH can attenuate contractile activity in isolated
esophageal segments from rats and mice like as capsaicin and piperine (unpublished data).
In addition, functional changes of TRPV1 by proinflammatory mediators such as
prostaglandin E2 (Adcock, 2009; Lopshire & Nicol, 1998) might facilitate activation of the
inhibitory local neural reflex, resulting in low clearance activity. Decrease of clearance
activity might permit further acid reflux, which would cause severe symptoms of GERD.
Therefore, it is presumed that excessive activation of the local inhibitory neural reflex might
be involved in the pathophysiology of GERD.

Challenge of acid exposure enhances TRPV1 and substance I’ expression in TRPV1-positive
neurons accompanying esophageal mucosa inflammation (Banerjee et al, 2007). In
accordance with this, acid-induced esophagitis is not so severe in TRPV1-deficient mice
(Fujino et al., 2006). Interestingly, it has been reported that TRPV1-positive neurons are local
effectors of mucosal protection (Bass et al., 1991) and are associated with a protective effect
of an Hz-receptor antagonist on reflux esophagitis (Nagahama et al., 2003). Enhancement of
TRPV1 and tachykinins expression also might result in intensification of local neural
regulation, which is an exacerbating factor of GERD.

Of course, dysmotility of the striated muscle portion of the esophagus described here might
not directly be involved in gastroesophageal reflux in human because the external muscle
layer in the distal portion of human esophagus is composed with smooth muscle fibers
(Worl & Neuhuber, 2005). The inhibitory neural pathway activated by acid reflex has not
been demonstrated in smooth muscle of the human esophagus. In fact, spastic contractions
are induced by acid reflux in the distal esophagus (diffuse esophageal spasm), which
frequently are responsible of chest pain in GERD (Richter, 2007; Tutuian & Castell, 2006).
This excessive contraction of smooth muscle is in contrast to the inhibition of striated muscle
contraction via the local neural reflex activated by acid reflex.
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3.3 Abnormal relaxation of the LES and GERD

Abnormal relaxation of the LES is one of causes for GERD. LES hypotension may be due to a
number of potential disturbances, including abnormality of the muscle function itself, lack of
normal cholinergic activation, decreased reflex excitation, decreased responsiveness to
circulating substances such as gastrin, and activation of inhibitory system (Clouse & Diamant,
2006). The LES is innervated by inhbitory and excitatory intrinsic neurons that are located in
the myenteric plexus not only of the LES but also of the esophgeal body (Fig. 7) (Brookes et al.,
1996). Abnormal activation of vagal afferents and/or efferents might activate inhibitory
intrinsic neurons and cause LES relaxation and then excessive acid reflux from the stomach to
the esophagus (Mittal et al., 1995). Kuramto et al. reported that a subpopulation of myenteric
nitrergic neurons is immunoreactive for a tachykinin receptor in the rat esophageal body
(Kuramoto et al., 2004). Considering that myenteric neurons are closely innervated by spinal
afferents in which TRPV1 and tachykinins might be expressed in the esophagus (Holzer, 1988;
Kuramoto & Endo, 1995; Mazzia & Clerc, 1997; Worl & Neuhuber, 2005) as well as vagal
afferent neurons, it is possible that acid can induce release of tachykinins from afferent
neurons and subsequently tachykinins would act on intrinsic nitrergic neurons innervated to
the LES (Fig. 7). This suggests that excessive acid reflux to the esophageal body might evoke
abnormal relaxation of the LES by NO, resulting in severe GERD.

3.4 A putative vicious circle in onset and exacerbation of GERD

Chronic esophagitis, a symptom of GERD, may damage not only the mucosa but also intrinsic
neurons (Rieder et al., 2010). In fact, it has been reported that proinflammatory cytokines
contribute to reducing esophageal contraction by inhibiting release of acetylcholine from
myenteric neurons (Cao et al., 2004). Esophageal dysmotility might subject the mucosa to
further acid exposure, which would cause more severe inflammation by directly influencing
the mucosa or neurogenic mechanism via TRPVI1-positive neurons and peptidergic
neurotransmitters (Bozic et al., 1996; Richardson & Vasko, 2002). Considering that the severity
of myenteric plexus damage is positively correlated with the duration of history of esophageal
diseases (Gockel et al., 2008), there might be a vicious circle in GERD (Fig. 8).

Dysmotility in

Excessive acid reflux < Ezgphagci?l body

\ Local neural reflex

TRPVA1
in sensory neurons

V4

Esophagitis |- Damages to intrinsic neurons

Y

Fig. 8. A predicted vicious circle model of GERD. The circle might exacerbate GERD. GERD;
gastroesophageal reflux disease. NERD; nonerosive reflux disease. LES; lower esophageal
sphincter. TRPV1; transient receptor potential vanilloid 1.
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4. Conclusion

Motor functions of the esophagus are controlled by both vagal neurons arising in the
brainstem and locally intrinsic neurons in the striated and smooth muscles. The
pathogenesis of GERD might be involved in dysfunction of neural networks in the
esophagus. We propose new aspects of the involvement of pathophysiology of GERD in
excessive activation of the local neural reflex by intrinsic neurons on the basis of results of
our morphological and functional studies on esophageal motility.

5. Acknowledgments

We are grateful to Dr. Hirofumi Kuramoto, Kyoto Institute of Technology, Japan and Prof.
Jurgen Worl, University of Erlangen-Nuremberg, Germany for their valuable supports of
morphological studies. The reviewed results obtained in our laboratory were supported in
part by Grants-In-Aid for Scientific Research from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan.

6. References

Adcock, J.J. (2009). TRPV1 receptors in sensitisation of cough and pain reflexes. Pulmonary
pharmacology & therapeutics, 22(2): 65-70, ISSN 1094-5539.

Altschuler, S.M., Bao, X.M., Bieger, D., Hopkins, D.A. & Miselis, R.R. (1989). Viscerotopic
representation of the upper alimentary tract in the rat: sensory ganglia and nuclei
of the solitary and spinal trigeminal tracts. The Journal of Comparative Neurology,
283(2): 248-268, ISSN 0021-9967.

Andrew, B.L. (1956). The nervous control of the cervical oesophagus of the rat during
swallowing. The Journal of Physiology, 134(3): 729-740, ISSN 0022-3751.

Andrews, P., Torii, Y., Saito, H. & Matsuki, N. (1996). The pharmacology of the emetic
response to upper gastrointestinal tract stimulation in Suncus murinus. European
Journal of Pharmacology, 307(3): 305-313, ISSN 0014-2999.

Banerjee, B., Medda, B.K., Lazarova, Z., Bansal, N., Shaker, R. & Sengupta, J. N. (2007). Effect
of reflux-induced inflammation on transient receptor potential vanilloid one
(TRPV1) expression in primary sensory neurons innervating the oesophagus of
rats. Neurogastroenterology and Motility, 19(8): 681-691, ISSN 1350-1925.

Barrett, R. T., Bao, X., Miselis, R.R. & Altschuler, SM. (1994). Brain stem localization of
rodent esophageal premotor neurons revealed by transneuronal passage of
pseudorabies virus. Gastroenterology, 107(3): 728-737, ISSN 0016-5085.

Bass, B.L., Trad, K.S.,, Harmon, JW. & Hakki, F. Z. (1991). Capsaicin-sensitive nerves
mediate esophageal mucosal protection. Surgery, 110(2): 419-425; discussion 425-
426, ISSN 0039-6060.

Bieger, D. (1993). The brainstem esophagomotor network pattern generator: a rodent model.
Dysphagia, 8(3): 203-208, ISSN 0179-051X.

Bieger, D. & Hopkins, D.A. (1987). Viscerotopic representation of the upper alimentary tract
in the medulla oblongata in the rat: the nucleus ambiguus. The Journal of
Comparative Neurology, 262(4): 546-562, ISSN 0021-9967.

Bieger, D., & Neuhuber, W.L. (2006). Neural circuits and mediators regulating swallowing
in the brainstem. GI Motility online, doi:10.1038 / gimo1074.

www.intechopen.com



Neural Regulatory Mechanisms of Esophageal Motility and Its Implication for GERD 15

Boudaka, A., Woérl, J., Shiina, T., Neuhuber, W.L., Kobayashi, H., Shimizu, Y. & Takewaki, T.
(2007a). Involvement of TRPV1-dependent and -independent components in the
regulation of vagally induced contractions in the mouse esophagus. European
Journal of Pharmacology, 556(1-3): 157-165, ISSN 0014-2999.

Boudaka, A., Woérl, J., Shiina, T., Saito, S., Atoji, Y., Kobayashi, H., Shimizu, Y. & Takewaki,
T. (2007b). Key role of mucosal primary afferents in mediating the inhibitory
influence of capsaicin on vagally mediated contractions in the mouse esophagus.
The Journal of Veteterinary Medical Science, 69(4): 365-372, ISSN 0916-7250.

Boudaka, A., Wérl, J., Shiina, T., Shimizu, Y., Takewaki, T., & Neuhuber, W. L. (2009).
Galanin modulates vagally induced contractions in the mouse oesophagus.
Neurogastroenterology and Motility, 21(2): 180-188, ISSN 1350-1925.

Bozic, C.R, Lu, B, Hopken, UE., Gerard, C. & Gerard, N.P. (1996). Neurogenic
amplification of immune complex inflammation. Science, 273(5282): 1722-1725, ISSN
0036-8075.

Brookes, S.J., Chen, B.N., Hodgson, W.M. & Costa, M. (1996). Characterization of excitatory
and inhibitory motor neurons to the guinea pig lower esophageal sphincter.
Gastroenterology, 111(1): 108-117, ISSN 0016-5085.

Cannon, W. (1907). Oesophageal peristalsis after bilateral vagotomy. American Journal of
Physiology, 19: 436-444, ISSN 0193-1857.

Cao, W., Cheng, L. Behar, J., Fiocchi, C., Biancani, P. & Harnett, KM. (2004).
Proinflammatory cytokines alter/reduce esophageal circular muscle contraction in
experimental cat esophagitis. American Journal of Physiology. Gastrointestinal and
Liver Physiology, 287(6): G1131-1139, ISSN 0193-1857.

Chandrasekharan, B. & Srinivasan, S. (2007). Diabetes and the enteric nervous system.
Neurogastroenterology and Motility, 19(12): 951-960, ISSN 1350-1925.

Chang, H.Y., Mashimo, H. & Goyal, R.K. (2003). Musings on the wanderer: what's new in
our understanding of vago-vagal reflex? IV. Current concepts of vagal efferent
projections to the gut. American Journal of Physiology. Gastrointestinal and Liver
Physiology, 284(3): G357-366, ISSN 0193-1857.

Cheng, F.H., Andrews, P.L., Moreaux, B., Ngan, M.P., Rudd, J.A., Sam, T.S., Wai, M.K. &
Wan, C. (2005). Evaluation of the anti-emetic potential of anti-migraine drugs to
prevent resiniferatoxin-induced emesis in Suncus murinus (house musk shrew).
European Journal of Pharmacology, 508(1-3): 231-238, ISSN 0014-2999.

Christensen, J. & Lund, G.F. (1969). Esophageal responses to distension and electrical
stimulation. The Journal of Clinical Investigation, 48(2): 408-419, ISSN 0021-9738.

Clouse, R.E. & Diamant, N.E. (2006). Motor Function of the Esophagus. In: Physiology of the
Gastrointestinal Tract (4th ed.), L.R. Johnson (ed.), pp. 913-926, Elsevier Academic
Press, ISBN 978-0-120883950 , Burlington.

Conklin, J. L. & Christensen, J. (1994). Motor Functions of the Pharynx and Esophagus. In:
Physiology of the Gastrointestinal Tract (3rd ed.), L.R. Johnson (ed.), pp. 903-928,
Raven Press, ISBN 978-0781701327, New York.

Cunningham, E.T.Jr. & Sawchenko, P.E. (1989). A circumscribed projection from the nucleus
of the solitary tract to the nucleus ambiguus in the rat: anatomical evidence for
somatostatin-28-immunoreactive interneurons subserving reflex control of
esophageal motility. The Journal of Neuroscience, 9(5): 1668-1682, ISSN 0270-6474.

Cunningham, E.T.Jr. & Sawchenko, P.E. (1990). Central neural control of esophageal
motility: a review. Dysphagia, 5(1): 35-51, ISSN 0179-051X.

www.intechopen.com



16 Gastroesophageal Reflux Disease

DeMeester, T.R., Wernly, J.A., Bryant, G.H., Little, A.G. & Skinner, D.B. (1979). Clinical and
in vitro analysis of determinants of gastroesophageal competence. A study of the
principles of antireflux surgery. American Journal of Surgery, 137(1): 39-46, ISSN
0002-9610.

Diamant, N.E. (1989). Physiology of esophageal motor function. Gastroenterology Clinics of
North America, 18(2): 179-194, ISSN 0889-8553.

Dogan, I. & Mittal, R.K. (2006). Esophageal motor disorders: recent advances. Current
Opinion in Gastroenterology, 22(4): 417-422, ISSN 0267-1379.

Farre, R., Auli, M., Lecea, B., Martinez, E. & Clave, P. (2006). Pharmacologic characterization
of intrinsic mechanisms controlling tone and relaxation of porcine lower
esophageal sphincter. The Journal of Pharmacology and Experimental Therapeutics,
316(3): 1238-1248, ISSN 0022-3565.

Farre, R. & Sifrim, D. (2008). Regulation of basal tone, relaxation and contraction of the
lower oesophageal sphincter. Relevance to drug discovery for oesophageal
disorders. British Journal of Pharmacology, 153(5): 858-869, ISSN 0007-1188.

Fujino, K., de la Fuente, S.G., Takami, Y., Takahashi, T. & Mantyh, C. R. 2006. Attenuation of
acid induced oesophagitis in VR-1 deficient mice. Gut, 55(1): 34-40, ISSN 0017-5749.

Furness, J.B. (2006). The Enteric Nervous System, Blackwell Publishing, ISBN 978-1-4051-3376-
0, Malden.

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. The American Journal of Gastroenterology, 103(4): 856-864, ISSN 1572-0241.

Goyal, RK. & Chaudhury, A. (2008). Physiology of normal esophageal motility. Journal of
Clinical Gastroenterology, 42(5): 610-619, ISSN 0192-0790.

Grossi, L., Cappello, G. & Marzio, L. (2006). Effect of an acute intraluminal administration of
capsaicin on oesophageal motor pattern in GORD patients with ineffective
oesophageal motility. Neurogastroenterol Motil, 18(8): 632-636, ISSN 1350-1925.

Grossi, L., Ciccaglione, A. F., Travaglini, N., & Marzio, L. (1998). Swallows, oesophageal and
gastric motility in normal subjects and in patients with gastro-oesophageal reflux
disease: a 24-h pH-manometric study. Neurogastroenterology and Motility, 10(2): 115-
121, ISSN 1350-1925.

Gruber, H. (1968). Structure and innervation of the striated muscle fibres of the esophagus of
the rat. Z Zellforsch Mikrosk Anat, 91(2): 236-247, ISSN 0340-0336.

Hansen, M.B. (2003). Neurohumoral control of gastrointestinal motility. Physiological
Research, 52(1): 1-30, ISSN 0862-8408.

Hempfling, C., Seibold, R., Shiina, T., Heimler, W., Neuhuber, W.L. & Worl, J. (2009). Enteric
co-innervation of esophageal striated muscle fibers: a phylogenetic study.
Autonomic Neuroscience : Basic & Clinical, 151(2): 135-141, ISSN 1566-0702.

Holloway, R.H. (2000). Esophageal body motor response to reflux events: secondary
peristalsis. The American Journal of Medicine, 108 Suppl 4a: 205-26S, ISSN 0002-9343.

Holzer, P. (1988). Local effector functions of capsaicin-sensitive sensory nerve endings:
involvement of tachykinins, calcitonin gene-related peptide and other
neuropeptides. Neuroscience, 24(3): 739-768, ISSN 0306-4522.

Izumi, N., Matsuyama, H., Ko, M., Shimizu, Y. & Takewaki, T. (2003). Role of intrinsic
nitrergic neurones on vagally mediated striated muscle contractions in the hamster
oesophagus. The Journal of Physiology, 551(Pt 1): 287-294, ISSN 0022-3751.

Izumi, N., Matsuyama, H., Yamamoto, Y., Atoji, Y., Suzuki, Y., Unno, T. and Takewaki, T.
(2002). Morphological and morphometrical characteristics of the esophageal

www.intechopen.com



Neural Regulatory Mechanisms of Esophageal Motility and Its Implication for GERD 17

intrinsic nervous system in the golden hamster. European Journal of Morphology,
40(3): 137-144, ISSN 0924-3860.

Jean, A. (2001). Brain stem control of swallowing: neuronal network and cellular
mechanisms. Physiological Reviews, 81(2): 929-969, ISSN 0031-9333.

Jean, A. & Dallaporta, M. (2006). Electrophysiologic characterization of the swallowing
pattern generator in the brainstem. GI Motility online, doi:10.1038/ gimo01039.

Jung, H.K. (2011). Epidemiology of gastroesophageal reflux disease in Asia: a systematic
review. Journal of Neurogastroenterology and Motility, 17(1): 14-27, ISSN 2093-0879.

Kahrilas, P.J., Dodds, W.J. & Hogan, W.J. (1988). Effect of peristaltic dysfunction on
esophageal volume clearance. Gastroenterology, 94(1): 73-80, ISSN 0016-5085.

Kallmunzer, B., Sorensen, B., Neuhuber, W.L. & Worl, J. (2008). Enteric co-innervation of
striated muscle fibres in human oesophagus. Neurogastroenterology and Motility,
20(6): 597-610, ISSN 1365-2982.

Kim, HS., Park, H., Lim, JJH., Choi, SH., Park, C, Lee, SI. & Conklin, J.L. (2008).
Morphometric evaluation of oesophageal wall in patients with nutcracker
oesophagus and ineffective oesophageal motility. Neurogastroenterology and Motility,
20(8): 869-876, ISSN 1365-2982.

Kunze, W.A. & Furness, J.B. (1999). The enteric nervous system and regulation of intestinal
motility. Annual Review of Physiology, 61: 117-142, ISSN 0066-4278.

Kuramoto, H. & Endo, Y. (1995). Galanin-immunoreactive nerve terminals innervating the
striated muscle fibers of the rat esophagus. Neuroscience Letters, 188(3): 171-174,
ISSN 0304-3940.

Kuramoto, H., Oomori, Y., Murabayashi, H., Kadowaki, M., Karaki, S. & Kuwahara, A.
(2004). Localization of neurokinin 1 receptor (NKI1R) immunoreactivity in rat
esophagus. The Journal of Comparative Neurology, 478(1): 11-21, ISSN 0021-9967.

Leite, L.P., Johnston, B.T., Barrett, J., Castell, J.A. & Castell, D.O. (1997). Ineffective
esophageal motility (IEM): the primary finding in patients with nonspecific
esophageal motility disorder. Digestive Diseases and Sciences, 42(9): 1859-1865, ISSN
0163-2116.

Lemme, E.M., Abrahao-Junior, L.J., Manhaes, Y., Shechter, R., Carvalho, B.B. & Alvariz, A.
(2005). Ineffective esophageal motility in gastroesophageal erosive reflux disease
and in nonerosive reflux disease: are they different? Journal of Clinical
Gastroenterology, 39(3): 224-227, ISSN 0192-0790.

Long, J.D. & Orlando, R.C. (2008). Nonerosive reflux disease: a pathophysiologic
perspective. Current Gastroenterology Reports, 10(3): 200-207, ISSN 1522-8037.
Lopshire, J.C. & Nicol, G.D. (1998). The cAMP transduction cascade mediates the
prostaglandin E2 enhancement of the capsaicin-elicited current in rat sensory
neurons: whole-cell and single-channel studies. The Journal of Neuroscience, 18(16):

6081-6092, ISSN 0270-6474.

Lu, W.Y. & Bieger, D. (1998). Vagovagal reflex motility patterns of the rat esophagus.
American Journal of Physiology, 274(5 Pt 2): R1425-1435, ISSN 0002-9513.

Makhlouf, G.M. & Murthy, K.S. (2009). Smooth muscle and the gut. In: Textbook of
gasrtoenterology (fifth ed.), T. Yamada (ed.), pp. 103-132, Blackwell Publishing Ltd,
ISBN 978-1-4051-6911-0, Oxford.

Mazzia, C. & Clerc, N. (1997). Ultrastructural relationships of spinal primary afferent fibres
with neuronal and non-neuronal cells in the myenteric plexus of the cat oesophago-
gastric junction. Neuroscience, 80(3): 925-937, ISSN 0306-4522.

www.intechopen.com



18 Gastroesophageal Reflux Disease

Mittal, R. K. & Bhalla, V. (2004). Oesophageal motor functions and its disorders. Gut, 53(10):
1536-1542, ISSN 0017-5749.

Mittal, R.K., Holloway, R.H., Penagini,R., Blackshaw, L.A. & Dent, J. (1995). Transient lower
esophageal sphincter relaxation. Gastroenterology, 109(2): 601-610, ISSN 0016-5085.

Moayyedi, P. & Talley, N.J. (2006). Gastro-oesophageal reflux disease. Lancet, 367(9528):
2086-2100, ISSN 1474-547X.

Mukhopadhyay, AK. & Weisbrodt, N.W. (1975). Neural organization of esophageal
peristalsis: role of vagus nerve. Gastroenterology, 68(3): 444-447, ISSN 0016-5085.

Nagahama, K., Yamato, M., Kato, S. & Takeuchi, K. (2003). Protective effect of lafutidine, a novel
H2-receptor antagonist, on reflux esophagitis in rats through capsaicin-sensitive
afferent neurons. Journal of Pharmacological Sciences, 93(1): 55-61, ISSN 1347-8613.

Neuhuber, W.L., Eichhorn, U. & Worl, J. (2001). Enteric co-innervation of striated muscle
fibers in the esophagus: just a "hangover"? The Anatomical Record, 262(1): 41-46,
ISSN 0003-276X.

Neuhuber, W.L., Kressel, M., Stark, A. & Berthoud, H.R. (1998). Vagal efferent and afferent
innervation of the rat esophagus as demonstrated by anterograde Dil and DiA
tracing: focus on myenteric ganglia. Journal of the Autonomic Nervous System, 70(1-2):
92-102, ISSN 0165-1838.

Neuhuber, W.L., Raab, M., Berthoud, H.R. & Wérl], J. (2006). Innervation of the mammalian
esophagus. Advances in Anatomy,Embryology, and Cell Biology, 185: 1-73, back cover,
ISSN 0301-5556.

Neuhuber, W.L., Worl, J., Berthoud, H.R. & Conte, B. (1994). NADPH-diaphorase-positive
nerve fibers associated with motor endplates in the rat esophagus: new evidence
for co-innervation of striated muscle by enteric neurons. Cell and Tissue Research,
276(1): 23-30, ISSN 0302-766X.

Olsson, C. & Holmgren, S. (2001). The control of gut motility. Comparative Biochemistry and
Physiology. Part A, Molecular & Integrative Physiology, 128(3): 481-503, ISSN 1095-6433.

Olsson, C. & Holmgren, S. (2011). Autonomic control of gut motility: A comparative view.
Autonomic Neuroscience : Basic & Clinical, doi:10.1016/j.autneu.2010.07.002, ISSN
1566-0702.

Orlando, R.C. (1997). The pathogenesis of gastroesophageal reflux disease: the relationship
between epithelial defense, dysmotility, and acid exposure. The American Journal of
Gastroenterology, 92(4 Suppl): 35-5S; discussion 55-7S, ISSN.

Park, H. & Conklin, J.L. (1999). Neuromuscular control of esophageal peristalsis. Current
Gastroenterology Reports, 1(3): 186-197, ISSN 1522-8037.

Parkman, H.P. & Fisher, R.S. (1997). Contributing role of motility abnormalities in the
pathogenesis of gastroesophageal reflux disease. Digestive Diseases, 15 Suppl 1: 40-
52, ISSN 0257-2753.

Phillips, LK., Rayner, CK,, Jones, K.L. & Horowitz, M. (2006). An update on autonomic
neuropathy affecting the gastrointestinal tract. Current Diabetes Reports, 6(6): 417-
423, ISSN 1534-4827.

Richardson, J.D. & Vasko, M.R. (2002). Cellular mechanisms of neurogenic inflammation. The
Journal of Pharmacology and Experimental Therapeutics, 302(3): 839-845, ISSN 0022-3565.

Richter, J.E. (2007). Gastrooesophageal reflux disease. Best Practice & Research Clinical
Gastroenterology, 21(4): 609-631.

Rieder, F., Biancani, P., Harnett, K., Yerian, L. & Falk, G.W. (2010). Inflammatory mediators
in gastroesophageal reflux disease: impact on esophageal motility, fibrosis, and

www.intechopen.com



Neural Regulatory Mechanisms of Esophageal Motility and Its Implication for GERD 19

carcinogenesis. American Journal of Physiology. Gastrointestinal and Liver Physiology,
298(5): G571-581, ISSN 0193-1857.

Roman, C. & Gonella, J. (1987). Extrinsic control of digestive tract motility. In: Physiology of
the Gastrointestinal Tract (2nd ed.), L.R. Johnson (ed.), pp. 507-553, Raven Press, ISBN
978-0881671650, New York:

Ross, C.A., Ruggiero, D.A. & Reis, D.]. (1985). Projections from the nucleus tractus solitarii to
the rostral ventrolateral medulla. The Journal of Comparative Neurology, 242(4): 511-
534, ISSN 0021-9967.

Salvatore, S. & Vandenplas, Y. (2003). Gastro-oesophageal reflux disease and motility
disorders. Best Practice & Research. Clinical Gastroenterology, 17(2): 163-179, ISSN
1521-6918.

Sam, T.S., Cheng, ].T., Johnston, K.D., Kan, K.K., Ngan, M.P., Rudd, J.A., Wai, MK. &
Yeung, J.H. (2003). Action of 5-HT3 receptor antagonists and dexamethasone to
modify cisplatin-induced emesis in Suncus murinus (house musk shrew). European
Journal of Pharmacology, 472(1-2): 135-145, ISSN 0014-2999.

Sellin, J.H. & Chang, E.B. (2008). Therapy Insight: gastrointestinal complications of diabetes-
-pathophysiology and management. Nature Clinical Practice. Gastroenterology &
Hepatology, 5(3): 162-171, ISSN 1743-4378.

Shiina, T., Shima, T., Worl, J., Neuhuber, W.L. & Shimizu, Y. (2010). The neural regulation of
the mammalian esophageal motility and its implication for esophageal diseases.
Pathophysiology, 17(2): 129-133, ISSN 0928-4680.

Shiina, T., Shimizu, Y., Boudaka, A., Worl, J. & Takewaki, T. (2006). Tachykinins are
involved in local reflex modulation of vagally mediated striated muscle
contractions in the rat esophagus via tachykinin NK1 receptors. Neuroscience,
139(2): 495-503, ISSN 0306-4522.

Shiina, T., Shimizu, Y., Izumi, N., Suzuki, Y., Asano, M., Atoji, Y., Nikami, H. & Takewaki, T.
(2005). A comparative histological study on the distribution of striated and smooth
muscles and glands in the esophagus of wild birds and mammals. The Journal of
Veterinary Medical Science, 67(1): 115-117, ISSN 0916-7250.

Stefanelli, A. (1938). Considerazioni ed osservazioni sulla struttura microscopica del tessuto
nervoso autonomo alla periferia nei vertebrati superiori. Z. Zellforsch., 28: 485-511,
ISSN 0340-0336.

Storr, M., Geisler, F., Neuhuber, W.L.,, Schusdziarra, V. & Allescher, H.D. (2000).
Endomorphin-1 and -2, endogenous ligands for the mu-opioid receptor, inhibit
striated and smooth muscle contraction in the rat oesophagus. Neurogastroenterology
and Motility, 12(5): 441-448, ISSN 1350-1925.

Storr, M., Geisler, F., Neuhuber, W.L., Schusdziarra, V. & Allescher, H.D. (2001).
Characterization of vagal input to the rat esophageal muscle. Autonomic
Neuroscience : Basic & Clinical, 91(1-2): 1-9, ISSN 1566-0702.

Tack, J. (2005). Recent developments in the pathophysiology and therapy of
gastroesophageal reflux disease and nonerosive reflux disease. Current Opinion in
Gastroenterology, 21(4): 454-460, ISSN 0267-1379.

Tieffenbach, L. & Roman, C. (1972). The role of extrinsic vagal innervation in the motility of
the smooth-musculed portion of the esophagus: electromyographic study in the cat
and the baboon. Journal de Physiologie, 64(3): 193-226, ISSN 0021-7948.

Tominaga, M. & Tominaga, T. (2005). Structure and function of TRPV1. Pfliigers Archiv,
451(1): 143-150, ISSN 0031-6768.

www.intechopen.com



20 Gastroesophageal Reflux Disease

Tsutsui, C., Kajihara, K., Yanaka, T., Sakata, I, Itoh, Z., Oda, S. & Sakai, T. (2009). House
musk shrew (Suncus murinus, order: Insectivora) as a new model animal for
motilin study. Peptides, 30(2): 318-329, ISSN 0196-9781.

Tutuian, R. & Castell, D.O. (2996). Review article: oesophageal spasm - diagnosis and
management. Alimentary Pharmacology & Therapeutics, 23(10): 1393-1402.

Uc, A., Oh, S. T., Murray, J. A., Clark, E. & Conklin, J.L. (1999). Biphasic relaxation of the
opossum lower esophageal sphincter: roles of NO., VIP, and CGRP. American
Journal of Physiology, 277(3 Pt 1): G548-554, ISSN 0002-9513.

Uchino, M., Ishii, K., Kuwahara, M., Ebukuro, S. & Tsubone, H. (2002). Role of the
autonomic nervous system in emetic and cardiovascular responses in Suncus
murinus. Autonomic Neuroscience : Basic & Clinical, 100(1-2): 32-40, ISSN 1566-0702.

Ueno, S., Matsuki, N. & Saito, H. (1987). Suncus murinus: a new experimental model in
emesis research. Life Sciences, 41(4): 513-518, ISSN 0024-3205.

Vandenplas, Y. & Hassall, E. (2002). Mechanisms of gastroesophageal reflux and
gastroesophageal reflux disease. Journal of Pediatric Gastroenterology and Nutrition,
35(2): 119-136, ISSN 0277-2116.

Winter, ].W. & Heading, R.C. (2008). The nonerosive reflux disease-gastroesophageal reflux
disease controversy. Current Opinion in Gastroenterology, 24(4): 509-515, ISSN 0267-
1379.

Wooldridge, A.A., Eades, S.C., Hosgood, G.L. & Moore, RM. (2002). In vitro effects of
oxytocin, acepromazine, detomidine, xylazine, butorphanol, terbutaline,
isoproterenol, and dantrolene on smooth and skeletal muscles of the equine
esophagus. American Journal of Veterinary Research, 63(12): 1732-1737, ISSN 0002-
9645.

Worl, J., Fischer, J. & Neuhuber, W.L. (1998). Nonvagal origin of galanin-containing nerve
terminals innervating striated muscle fibers of the rat esophagus. Cell and Tissue
Research, 292(3): 453-461, ISSN 0302-766X.

Worl, J., Mayer, B. & Neuhuber, W.L. (1994). Nitrergic innervation of the rat esophagus:
focus on motor endplates. Journal of Autonomic Nervous System, 49(3): 227-233, ISSN
0165-1838.

Worl, J., Mayer, B. & Neuhuber, W.L. (1997). Spatial relationships of enteric nerve fibers to
vagal motor terminals and the sarcolemma in motor endplates of the rat
esophagus: a confocal laser scanning and electron-microscopic study. Cell and
Tissue Research, 287(1): 113-118, ISSN 0302-766X.

Worl, J. & Neuhuber, W.L. (2005). Enteric co-innervation of motor endplates in the
esophagus: state of the art ten years after. Histochemistry and Cell Biology, 123(2):
117-130, ISSN 0948-6143.

Wu, M., Majewski, M., Wojtkiewicz, J., Vanderwinden, ].M., Adriaensen, D. & Timmermans,
J.P. (2003). Anatomical and neurochemical features of the extrinsic and intrinsic
innervation of the striated muscle in the porcine esophagus: evidence for regional
and species differences. Cell and Tissue Research, 311(3): 289-297, ISSN 0302-766X.

Yamamoto, K., Chan, S. W., Rudd, J.A., Lin, G., Asano, K. & Yamatodani, A. (2009).
Involvement of hypothalamic glutamate in cisplatin-induced emesis in Suncus
murinus (house musk shrew). Journal of Pharmacological Sciences, 109(4): 631-634,
ISSN 1347-8613.

Yuan, S., Costa, M. & Brookes, S.J. (1998). Neuronal pathways and transmission to the lower
esophageal sphincter of the guinea Pig. Gastroenterology, 115(3): 661-671, ISSN 0016-
5085.

www.intechopen.com



Gastroesophageal Reflux Disease

GASTROESOPHAGEAL Edited by Prof. Mauro Bortolotti
REFLUX DISEASE

Ecbtedl vy Mauro B i

ISBN 978-953-51-0314-1

Hard cover, 186 pages

Publisher InTech

Published online 16, March, 2012
Published in print edition March, 2012

Gastroesophageal reflux disease affects many patients. This disease not only lowers their quality of life, but it
also threatens some of them with an underhand risk of cancer. Additionally, it becomes an economic burden
for the patients and society. The aim of this book on gastroesophageal reflux disease is to provide advice and
guidance to gastroenterologists to help them understand and manage some aspects of this proteiform
disease.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Takahiko Shiina and Yasutake Shimizu (2012). Neural Regulatory Mechanisms of Esophageal Motility and Its
Implication for GERD, Gastroesophageal Reflux Disease, Prof. Mauro Bortolotti (Ed.), ISBN: 978-953-51-0314-
1, InTech, Available from: http://www.intechopen.com/books/gastroesophageal-reflux-disease/neural-
regulatory-mechanisms-of-esophageal-motility-and-its-implication-for-gerd

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE BHIERFARK6SS HiBEFR R ARIRE I AE40582TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




