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Regulation of basal tone, relaxation and contraction
of the lower oesophageal sphincter. Relevance to
drug discovery for oesophageal disorders

R Farré and D Sifrim

Center for Gastroenterological Research, Catholic University of Leuven, Belgium

The lower oesophageal sphincter (LOS) is a specialized region of the oesophageal circular smooth muscle that allows the
passage of a swallowed bolus to the stomach and prevents the reflux of gastric contents into the oesophagus. The anatomical
arrangement of the LOS includes semicircular clasp fibres adjacent to the lesser gastric curvature and sling fibres following the
greater gastric curvature. Such anatomical arrangement together with an asymmetric intrinsic innervation and distinct
proportion of neurotransmitters in both regions produces an asymmetric pressure profile. The LOS tone is myogenic in origin
and depends on smooth muscle properties that lead to opening of L-type Ca2þ channels; however it can be modulated by
enteric motor neurons, the parasympathetic and sympathetic extrinsic nervous system and several neurohumoral substances.
Nitric oxide synthesized by neuronal NOS is the main inhibitory neurotransmitter involved in LOS relaxation. Different putative
neurotransmitters have been proposed to play a role together with NO. So far, only ATP or related purines have shown to be
co-transmitters with NO. Acetylcholine and tachykinins are involved in the LOS contraction acting through acetylcholine M3

and tachykinin NK2 receptors. Nitric oxide can also be involved in the regulation of LOS contraction. The understanding of the
mechanisms that originate and modulate LOS tone, relaxation and contraction and the characterization of neurotransmitters
and receptors involved in LOS function are important to develop new pharmacological tools to treat primary oesophageal
motor disorders and gastro-oesophageal reflux disease.
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Introduction

The high-pressure zone at the junction between the

oesophagus and the stomach is a specialized region com-

posed of the lower oesophageal sphincter (LOS) and the

crural diaphragm. The action of these structures on the one

hand allows passage of a swallowed bolus to the stomach and

on the other hand prevents reflux of gastric contents into

the oesophagus. A fine regulation of LOS basal tone,

relaxation and contraction is very important to accomplish

these functions. In spite of its physiological relevance and

implications in the pathophysiology of gastro–oesophageal

diseases, the basic mechanisms involved in the control of

LOS activity are still incompletely understood. Significant

progress has been made in understanding the nature of

inhibitory and excitatory neurotransmission in the LOS.

Nitric oxide (NO) plays a major role but other inhibitory

neurotransmitters may be involved such as ATP, vasoactive

intestinal polypeptide (VIP), pituitary adenylate cyclase-

activating peptide (PACAP), calcitonin gene-related peptide

(CGRP) and carbon monoxide (CO). ACh and tachykinins

are the main excitatory neurotransmitters; however, their

contribution and the type of receptors involved in LOS

excitation are not completely known.

This article reviews current knowledge on the regulation of

the LOS activity, with particular emphasis on the evidence

for neurotransmission and the receptors and channels

involved in mediating relaxation or contraction.

Motor neuronal anatomy of the LOS

The LOS is innervated by both the parasympathetic and

sympathetic systems through afferent (sensitive pathway)
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and efferent fibres (motor pathway). Sensory information

from the LOS to the brain is conveyed by both spinal and

vagal sensory afferents (Goyal and Rattan, 1975; Sohn et al.,

1993; Hornby and Abrahams, 2000). The spinal afferents

have their cell bodies in the dorsal root ganglia at T1–L3

(Collman et al., 1992) and are specialized to detect mainly

nociceptive stimuli. The vagal afferents with their cell bodies

in the nodose ganglia transmit non-painful information to

the brain, synapsing mostly in the nucleus of tractus

solitarius. The neurons of this nucleus are connected with

the dorsal motor nucleus of the vagus that is the origin of

vagal motor neurons that innervate LOS and the smooth

muscle part of the oesophageal body. The motor neurons

that innervate the striated muscle portion of the oesophagus

are located mainly in the rostral part of the nucleus

ambiguous (Collman et al., 1993). In contrast with the

striated muscle, vagal efferent fibres do not innervate the

smooth muscle directly; they synapse with inhibitory and

excitatory motorneurons in the myenteric plexus. The dis-

tribution of the neuronal bodies in the dorsal motor nucleus

depends on whether or not they synapse with inhibitory or

excitatory motorneurons. The neuronal bodies of the excita-

tory pathway are located in the rostral part of the dorsal motor

nucleus whereas neuronal bodies of the inhibitory pathway are

in the caudal part (Rossiter et al., 1990). Although the vagus

nerve innervates both inhibitory and excitatory myenteric

motor neurons, vagal stimulation in animal studies provokes

always an initial LOS relaxation that is followed by a

contraction (Rattan, 1986; Blackshaw et al., 1997; Kawahara

et al., 1997). The synaptic transmission between the efferent

neurons and the inhibitory enteric neurons is mainly mediated

by nicotinic and M1 muscarinic receptors (Goyal and Rattan,

1975; Smid and Blackshaw, 2000b); however, 5-HT can also

play a role in the synaptic transmission at this level (Rattan

and Goyal, 1978; Paterson et al., 1992).

Neuronal bodies of the efferent sympathetic pathway are

located in the spinal segments T6–T10 and they are sending

the axons to the celiac ganglia through the major splachnic

nerve. Preganglionic neurons are cholinergic and activate

ACh nicotinic receptors located in the noradrenergic post-

ganglionic neurons. These adrenergic fibres can innervate

the LOS smooth muscle directly or via the enteric motor

neurons (Papasova, 1989). The sympathetic response of the

LOS may vary according to species. In ferret, stimulation of

the splanchnic nerve activates adrenergic neurons and

relaxes LOS through b-adrenoceptors (Blackshaw et al.,

1997). In cats, the stimulation of the peripheral end of the

greater splachnic nerve induces an increase in LOS pressure

and is the final result of the stimulation of adrenoceptors

located in the smooth muscle and in cholinergic myenteric

neurons (Fournet et al., 1979; Gonella et al., 1979). In

contrast, the stimulation of the central end of splanchnic

nerve produces a decrease in LOS pressure not affected by the

b-adrenoceptor antagonist propanolol.

Asymmetry of the LOS: circular and oblique fibres

The human LOS is a specialized 4-cm long, thickened region

of the circular muscle layer at the end of the distal

oesophagus. In humans, the LOS does not form a complete

ring and it is composed of semicircular clasp fibres adjacent

to the lesser gastric curvature (incomplete ring in U shape)

and by oblique muscular bundles coming from the greater

gastric curvature (sling fibres) (Liebermann-Meffert et al., 1979).

This morphological asymmetry is associated with an asym-

metric pressure profile as measured with manometry (Stein

et al., 1995). In other species such as dog (Friedland et al.,

1971), opossum (Christensen and Torres, 1975) and cat

(Friedland et al., 1971; Preiksaitis et al., 1994), the circular

muscle forms a complete ring. Only in pigs the distribution of

clasp and sling fibres is the same than that observed in humans

(Vicente et al., 2001). Manometric studies in humans and cats

show that the LOS pressure distribution is asymmetric; the

pressure at the left side is higher (Preiksaitis et al., 1994). In

addition, atropine decreases LOS tone in humans (Richardson

and Welch, 1981) and cats (Preiksaitis et al., 1994) but the drop

is more pronounced in the left part of the LOS. This finding

might reflect asymmetric sensitivity to cholinergic stimulation.

Ach muscarinic receptor agonists induce a higher concentra-

tion-dependent contraction in isolated sling fibres compared

with clasp fibres in different species including humans

(Preiksaitis et al., 1994; Preiksaitis and Diamant, 1997; Farre

et al., 2007a). The higher sensitivity of sling muscle fibres can

be due to the different expression of M3 muscarinic receptors

(Muinuddin et al., 2003). Regional myogenic differences in the

expression of L-type Ca2þ (Ca(L)) channels and in the Ca(L)

channel current (ICa(L)) density can explain also the different

contribution of both types of fibres to LOS contractibility

(Muinuddin et al., 2004b). Compared with the LOS, clasp and

sling fibres have also different sensitivity to dopamine,

phenylephrine and isoprenaline (Tian et al., 2004).

The presence of important functional asymmetry between

both halves of the LOS has to be considered to evaluate the

involvement of neurotransmitters and the effect of drugs on

LOS smooth muscle function.

LOS basal tone

The difference between the LOS and the oesophageal body

smooth muscle is the development of an increased basal

tone at the LOS, which in vivo can be identified as a zone of

higher intraluminal pressure between the stomach and the

oesophagus. In healthy volunteers, the LOS generates a tonic

intraluminal pressure of 15–30 mm Hg above the intragastric

pressure (Richter et al., 1987). The LOS basal tone contributes

significantly to the increased pressure at the oesophago–

gastric junction; however, the contraction of crural dia-

phragm around the LOS further increases that pressure,

particularly during inspiration and increased intra-abdominal

pressure (Pandolfino et al., 2006). Unlike humans, cats (Boyle

et al., 1985), dogs (Martin et al., 1992) and pigs (Vicente et al.,

2001), rats (the most widely used laboratory animal) have

an oesophago–gastric junction with a significant separation

between LOS and crural diaphragm (Soto et al., 1997;

Montedonico et al., 1999) making this species less useful

for in vivo studies of antireflux barrier function.

Basal LOS tone is primarily myogenic in origin because of

specialized properties of the smooth muscle cells at this level.

Neurotransmission in the lower oesophageal sphincter
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The LOS smooth muscle cells are thought to be more

depolarized than the oesophageal body muscle cells with a

resting membrane potential less negative (respectively,

�41 mV instead of �50 mV). This difference may lead to

spontaneous spike-like action potentials and generation of

basal tone (Zhang et al., 2000), perhaps via the activation of

voltage-gated Ca2þ channels, which in turn leads to entry

of the extracellular calcium. Another explanation may

be related to differences in structural proteins such as

a-actin, basic essential light chains LC17b and caldesmon

(Szymanski et al., 1998).

It is well established in different species, including humans,

that LOS tone is maintained by the influx of Ca2þ trough Ca(L)

channels (Fox and Daniel, 1979; Biancani et al., 1987; Salapatek

et al., 1998; Kovac et al., 2005). Experiments with Ca2þ -free

buffer, nifedipine (a Ca(L) channel blocker), cyclopiazonic acid

(sarcoplasmic reticulum Ca2þ -ATPase inhibitor) and 2-APB

(inhibition of Ca2þ release from SR Ca2þ stores) showed that

clasp and sling LOS fibres use intracellular and extracellular

Ca2þ sources to different degrees in the generation of

spontaneous tone (Muinuddin et al., 2004c). The greater

expression of Ca(L) channels and the ICa(L) density in cells from

clasp muscle than sling muscle might contribute to the

different involvement of these areas in the maintenance of

smooth muscle LOS tone (Muinuddin et al., 2004b).

Lower oesophageal sphincter tone is modulated by

excitatory and inhibitory vagal pathways. Interventions that

affect both pathways simultaneously that is administration

of tetrodotoxin (Naþ channel blocker) (Goyal and Rattan,

1976) or bilateral vagotomy (Rattan and Goyal, 1974) do not

modify LOS pressure in vivo. However, when only one

pathway is blocked, it leads to unopposed effects of the

other pathway. For example, suppression of a nitrergic

inhibitory pathway with NOS inhibitors results in rise of

LOS pressure due to the unopposed action of excitatory

nerves (Yamato et al., 1992; Xue et al., 1996; Konturek et al.,

1997). Similarly, suppression of a cholinergic excitatory

pathway by an anticholinergic agent decreases LOS pressure

due to unopposed action of the inhibitory nerves. This effect

seems to be species specific. Unlike human and dogs, in

opossums and monkeys, atropine failed to reduce LOS

pressure (Dodds et al., 1981). Similar results were observed

in vitro with LOS muscle strips. NOS inhibitors increase tone

of muscle strips from LOS of different species including

humans (Gonzalez et al., 2004; Farre et al., 2006) and

atropine decreases tone of muscle strips from LOS in pigs

(Farre et al., 2006), but not in humans (Preiksaitis and

Diamant, 1997; Gonzalez et al., 2004) suggesting that effect

of atropine on human LOS pressure in vivo may be at the CNS

level. We cannot exclude that cholinergic tone has been

removed by isolation of the tissue in man. The contribution

of nitrergic myenteric neurons to LOS basal tone was

confirmed by manometric studies in neuronal NOS-deficient

mice showing a high LOS basal pressure and impaired LOS

relaxation similar to that observed in human achalasia

(Sivarao et al., 2001). Experiments in pigs suggest that basal

LOS tone is modulated asymmetrically that is the sling fibres

are more controlled by both cholinergic and nitrergic inputs

whereas basal tone from LOS clasp fibres seems to be more

myogenically regulated (Farre et al., 2007a).

The role of the sympathetic nervous system on basal LOS

pressure is not clear. Bilateral cervical sympathectomy or

greater splanchnic nerve sectioning has no effect on basal

LOS pressure (Fournet et al., 1979). In contrast, experiments

using a- and b-adrenoceptor antagonists suggest that a

significant portion of basal LOS pressure (30%) is dependent

upon the stimulation of a- but not b-adrenoceptors

(DiMarino and Cohen, 1973).

Together with the myogenic nature of LOS tone and its

modulation by parasympathetic and sympathetic nervous

system, a number of neurohumoral substances are known to

affect basal LOS tone (Table 1). Other substances as

somatostatin and thyrotropin-releasing hormone do not

Table 1 Neurohumoral substances affecting basal LOS tone

Substances Effects and references Species

a-adrenoceptor agonist
(phenylephrine)

m (Tian et al., 2004) Humana

b-adrenoceptor agonist
for b1, b2 and b3:
isoprenaline,
isoproterenol,
dobutamine, terbutaline,
albuterol, CL 316243

k (Allescher et al., 1988) Doga

(Tottrup et al., 1990b) Humana

(Crowell et al., 2001) Humanb

(Sarma et al., 2003) Opossuma

(Tian et al., 2004) Humana

Dopamine k or m (Tian et al., 2004) Humana

Angiotensin II m (Rattan et al., 2003) Rata

Prostanoids (PGFalpha,
PGH2, TXB2, PGE1 and
PGF1, arachidonic acid)

m (Daniel et al., 1979a) Opossumb

(Daniel et al., 1979b) Opossuma

(Cao et al., 2002) Cata

(Velkova et al., 1981) Cata

Xanthines
(theophylline)

k (Tottrup et al., 1990b) Humana

Motilin m (Tomita et al., 1997) Humana

Galanin m (Rattan and Goyal, 1987) Opossumb

Bombesin m (Mukhopadhyay and
Kunnemann, 1979)

Opossumb

(Kortesova et al., 1990) Cata

CCK-8 k In vivo (Behar and
Biancani, 1977)

Humanb

m In vitro (Gonzalez et al.,
2000)

Humana

Pentagstrin m (Zwick et al., 1976) Dogsb

IL-1b k (Cheng et al., 2005) Cata

(Cao et al., 2006) Cata

PAR receptor agonists
for PAR1 and PAR2:
TFLLR-NH2, SFLLRN-NH2

SLIGKV-NH2 and
SLIGRL-NH2

k (Huang, 2007) Guinea-piga

Abbreviations: k, relaxation; m, contraction; IL, interleukin; LOS, lower

oesophageal sphincter; PAR, protease-activated receptor; PG, prostaglandin;

TX, thromboxane.
aIn vitro.
bIn vivo.
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affect basal LOS pressure but inhibit the LOS contraction

induced by other agents (Parkman and Reynolds, 1990;

Parkman et al., 1993).

LOS relaxation

Lower oesophageal sphincter relaxation is an integral part

of swallow-induced primary peristalsis in the oesophagus.

However, swallow-induced LOS relaxation can happen

without pharyngeal or oesophageal peristalsis as well. The

distension of the smooth muscle part of the oesophagus can

induce LOS relaxation with or without associated secondary

peristalsis. Such relaxation is due to local reflexes and is not

vagally mediated. Transient lower oesophageal sphincter

relaxations last 10–30s and are not associated with swallowing

(Mittal and Balaban, 1997) but triggered by gastric distention

(Holloway et al., 1985, 1989, 1991). Transient lower oesopha-

geal sphincter relaxations are responsible for the postprandial

increase in gastro–oesophageal reflux and may play an

important role in the gastro–oesophageal reflux disease

(Kahrilas et al., 2000).

NANC inhibitory neurotransmitters in the LOS

The NANC neurotransmitters NO, VIP, PACAP, ATP, CGRP and

CO have inhibitory effects in the gastrointestinal tract. Their

contribution shows regional variations and sometimes in the

same region their individual contribution is species specific.

Immunohistochemistry of the LOS myenteric neurons

shows the presence of the NOS, the peptides VIP, PACAP and

CGRP and the constitutive enzyme haem oxygenase type 2

that is involved in the synthesis of CO. NO is considered the

main inhibitory mediator. The role of other neurotransmit-

ters is still controversial.

Vasoactive intestinal polypeptide (Fahrenkrug et al., 1978)

and ATP (Burnstock et al., 1970) were the first neurotrans-

mitters proposed to mediate NANC relaxation in the

oesophagus. Few years later, Rattan (1986) and Goyal et al.

(1980) suggested that neither ATP nor adenosine were the

inhibitory neurotransmitters involved in LOS relaxation and

VIP was proposed to be the main oesophageal NANC

neurotransmitter (Behar et al., 1989). VIP was also proposed

as the substance that mediated the relaxation induced by

electrical field stimulation (EFS) of muscle strips from the

LOS (Biancani et al., 1984). Other studies, however, suggested

that neither a purine nor VIP was the mediator of inhibitory

nerves to the oesophageal smooth muscle (Daniel et al., 1983).

The scenario changed when in the late 1980s it was

demonstrated that NO is released from endothelial cells

(Palmer et al., 1987), selective NOS inhibitors were developed

(Mulsch and Busse, 1990) and NO was identified as the

inhibitory mediator of NANC neurotransmission in the

gastrointestinal tract (Bult et al., 1990).

Nitric oxide

The important role of NO in LOS relaxation was suggested

for the first time in 1991 from experiments studying the

effect of NOS inhibitors on opossum LOS muscle strips

(Murray et al., 1991; Tottrup et al., 1991) and later confirmed

on human tissue (Oliveira et al., 1992; Tottrup et al., 1993).

Further experiments showed that NO is the main neuro-

transmitter that mediates smooth muscle LOS relaxation in

different species such as dogs, guinea-pigs, rats, cats and pigs

(de Man et al., 1991; Murray et al., 1991; Kortezova et al.,

1996; Yuan et al., 1998; Farre et al., 2006, 2007b).

In vivo experiments showed that NOS inhibitors can

abolish or reduce swallow-induced LOS relaxation (Yamato

et al., 1992; Xue et al., 1996; Konturek et al., 1997; Sivarao

et al., 2001) and patients with achalasia have a reduction in

the number of myenteric nitrergic neurons (Mearin et al.,

1993), consistent with a physiological role for NO.

The role of NO in relaxation of LOS smooth muscle has

been extensively studied in vitro. Stimulation of the intrinsic

nerves by EFS induces an ‘on’ contraction instead an ‘on’

relaxation in LOS strips from achalasic patients suggesting

that nitrergic neurotransmission is severely impaired (Tottr-

up et al., 1990a). Studies using mice with genetically

engineered endothelial and neuronal NOS showed that

neuronal NOS rather than eNOS is the enzymatic source of

the NO that mediates NANC relaxation (Kim et al., 1999;

Sivarao et al., 2001).

In different species, pure NO, NO donors and EFS can

induce relaxation/hyperpolarization of smooth muscle strips

from the LOS by a cGMP pathway. Experiments using GC

inhibitors and direct measurements of cGMP (Torphy et al.,

1986; Barnette et al., 1989; Rattan and Moummi, 1989;

Conklin and Du, 1992; Jun et al., 2003; Farre et al., 2006)

confirmed that activation of nitrergic myenteric neurons

induces smooth muscle LOS relaxation via the GC–cGMP

pathway.

It remains unclear what type of membrane channels are

involved in nitrergic inhibition of the LOS. It was previously

proposed that NO relaxes gastrointestinal smooth muscle by

either opening of Kþ channels or closing of Ca2þ -activated

Cl� channels (Cl(Ca)) (Cayabyab and Daniel, 1995; Koh et al.,

1995; Zhang et al., 1998). Neural NO causes relaxation of LOS

muscle strips that does not require Kþ channels because the

non-specific Kþ -channel blocker tetraethylammonium does

not modify EFS-induced relaxation (Daniel et al., 2002). The

putative Cl(Ca) blockers 4,40-diisothiocyanostilbene-2,20-dis-

ulphonic acid, 9-anthroic acid (A-9-C) and niflumic acid

significantly reduced the amplitude of the inhibitory junc-

tion potentials. These findings suggest that the inhibitory

junction potentials observed in LOS circular smooth muscle

is due to a decrease in membrane chloride conductance (Crist

et al., 1991; Zhang and Paterson, 2003). A current hypothesis

proposes that neural NO inactivates Cl(Ca) channels via

intracellular increase of cGMP, leading to an inhibitory

junction potential and relaxation (Zhang and Paterson,

2003). However, such hypothesis should be carefully consid-

ered because of the non-specific nature of chloride channel

blockers, and because the role of K channels cannot be so far

completely excluded (Jury et al., 2001).

Nitric oxide is the main inhibitory neurotransmitter at the

LOS. However, NOS inhibitors cannot block completely the

LOS relaxation, suggesting that other non-nitrergic neuro-

transmitter/s are involved.
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Purines

Purine receptors are classified as P1, activated by adenosine

and P2, activated by ATP, ADP, UTP and UDP. P2 receptors are

divided in two families: P2X and P2Y that are ligand-gated

ion channels and G protein-coupled receptors respectively.

ATP, ADP and adenosine decrease LOS pressure in opossum

(Rattan and Goyal, 1980), induce hyperpolarization (Daniel

et al., 1983) and relax smooth muscle strips from the LOS

(Farre et al., 2006). ATP-induced relaxation is characterized

by a fast component followed by a slow relaxation period

(Farre et al., 2006). Suramin, a P2-unspecific receptor

antagonist, and apamin, a blocker of small conductance

Ca2þ -activated Kþ (K(Ca,slow)) channels, reduce the hyper-

polarization/relaxation induced by ATP in LOS smooth

muscle (Imaeda et al., 1998; Farre et al., 2006). In addition,

apamin and the P2Y1 receptor antagonist MRS2179 (Alex-

ander et al., 2005) block the fast component of the ATP-

induced relaxation (Farre et al., 2006). Smooth muscle

relaxation along the gastrointestinal tract includes an

apamin-sensitive component that might involve ATP or

related purines as a mediator (Costa et al., 1986; Lefebvre

et al., 1991; Ohno et al., 1996; Rae and Muir, 1996). The

apamin-sensitive component was described in EFS-induced

relaxation of LOS muscle strips after NOS blockade. This

observation was made in different species including humans

(Imaeda et al., 1998; Gonzalez et al., 2004; Farre et al., 2006,

2007b). It was also observed during vagal stimulation (Yuan

et al., 1998; Yuan and Brookes, 1999). The non-nitrergic

component could be reduced by MRS2179 in pigs (Farre

et al., 2006) and humans (Estrada et al., 2006). In addition,

the selective P2Y1 receptor agonist ADPbS and 2-MeSATP

induces a relaxation in human muscle strips from the LOS.

All these results suggest that ATP or related purines play a

role in the non-nitrergic component of the relaxation of the

LOS acting through P2Y1 receptors and activating K(Ca,slow)

channels. The role of purines during swallow-induced and or

transient LOS relaxations is unknown.

VIP/PACAP

Vasoactive intestinal polypeptide and/or PACAP receptors

belong to the family of the seven transmembrane G protein-

coupled receptors and are classified as VPAC1, VPAC2 and

PAC1 according to their affinity for VIP and PACAP. VPAC1

and the VPAC2 receptors have similar affinities for both VIP

and PACAP, in contrast, PAC1 exhibits high affinity for

PACAP and a low affinity for VIP (Harmar et al., 1998).

Vasoactive intestinal polypeptide is present and localizes

with NOS in LOS myenteric neurons in different species

including humans (Aggestrup et al., 1985; Uddman et al.,

1991; Ny et al., 1995a). The role of VIP in LOS relaxation

remains controversial. VIP decreases LOS pressure (Rattan

et al., 1982; Guelrud et al., 1992) in vivo and induces smooth

muscle relaxation in different species (Jury et al., 1992;

Kohjitani et al., 1996b; Kortezova et al., 1996; Uc et al., 1999;

Farre et al., 2006). Different antagonists were tested on VIP-

induced smooth muscle relaxation including [Lys1,Pro2,

5,Arg3,4,Tyr6]VIP, VIP(10–28) (Jun et al., 2003), VIP(6–28),

[D-p-Cl-Phe6,Leu17]VIP and [Ac-Tyr1,D-Phe2] growth

hormone-releasing factor-(1–29) amide. Only the first two

inconsistently antagonized the effects of VIP but they had no

effect on EFS-induced LOS relaxation (Uc et al., 1999; Farre

et al., 2006). These results suggest that more potent and

specific VIP receptor antagonists are needed to evaluate the

role of endogenous VIP in LOS relaxation. VIP antiserum was

able to block the non-nitrergic LOS relaxation but it was later

demonstrated that the effect was due to the solvent rather

than due to VIP antibodies (Uc et al., 1999).

Further evidence against VIP as an NANC inhibitory

neurotransmitter in LOS is suggested by the nature of the

second messenger involved in LOS relaxation. VIP-induced

LOS relaxation is associated with increase of cAMP levels

without increase of cGMP (Torphy et al., 1986; Szewczak

et al., 1990). Furthermore, the response to VIP is either poor

or non-modified by the GC inhibitor 1H-(1,2,4)-oxadiaziol-

(4,3-a)quinoxalin-1-one (Uc et al., 1999; Shahin et al., 2000;

Jun et al., 2003). In contrast, EFS-induced relaxation of LOS

smooth muscle has no effect on cAMP but increases cGMP

levels in a frequency-dependent manner (Torphy et al.,

1986). These data are against the hypothesis that endogenous

VIP may play a significant role in NANC neurotransmission to

the LOS.

It has been proposed that a significant portion of NO

production is induced by VIP presynaptically or in smooth

muscle cells (Grider et al., 1992). In the LOS, VIP-induced

relaxation is poor or non-modified by NOS inhibitors (Jury

et al., 1992; Jun et al., 2003; Farre et al., 2006) indicating that

VIP does not produce LOS relaxation via generation of NO.

PACAP-immunoreactive nerve fibres are running through

the circular muscle layer of the LOS in different species

(Uddman et al., 1991; Ny et al., 1995b). These fibres are also

immunoreactive to NOS (Ny et al., 1994). The role of PACAP

in LOS NANC neurotransmission is controversial due to

species differences.

PACAP 27 and 38 relax muscle strips from the LOS (Ny

et al., 1995b; Farre et al., 2006). In ferrets, the PACAP receptor

antagonist, PACAP 6–38, does not affect vagal or EFS-induced

relaxations (Smid and Blackshaw, 2000b) in spite of blocking

the effect of exogenous PACAP in other parts of the

gastrointestinal tract (Baccari and Calamai, 2001; Rozsai

et al., 2001; Zizzo et al., 2004). These data suggested that

PACAP does not mediate in vivo or EFS-induced LOS

relaxation in ferrets.

In pigs, PACAP 27 induces LOS relaxation mediated via

K(Ca,slow) channels (Farre et al., 2006). Identical pathway is

involved in the apamin-sensitive component of the EFS-

induced relaxation, suggesting that in pigs, PACAP may play

a role as an NANC inhibitory neurotransmitter in LOS

relaxation. Further studies with selective PACAP receptor

antagonists are needed to confirm this hypothesis.

The intracellular cascade involved in PACAP-induced

smooth muscle LOS relaxation is still uncertain. PACAP 27

increases the production of cAMP via activation of adenyl

cyclase (Ny et al., 1995b). However, activation of VIP/PACAP

receptors is not exclusively coupled via the adenylate

cyclase system, but it can also stimulate the PLC pathway

(Christophe, 1993). For example, in the small intestine, the

hyperpolarization and relaxation of smooth muscle induced
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by PACAP is coupled to apamin-sensitive Kþ channel

(Kishi et al., 1996; Ekblad, 1999; McCloskey and Gurney,

2002). This pathway involves stimulation of PLC, increased

production of 1,4,5-trisphosphate, localized Ca2þ release

from intracellular stores and opening of K(Ca,slow) channel

(Zizzo et al., 2005). The subtype of receptor involved in

the PACAP-induced LOS relaxation and the intracellular

mediators require further investigation.

Calcitonin gene-related peptide

CGRP-immunoreactive neurons are present within the

myenteric LOS neurons and CGRP decreases LOS pressure

in vivo (Rattan et al., 1988; Parkman et al., 1989).

The in vitro effect of CGRP varies between species. CGRP

does not relax muscle strips from rabbit or pig LOS (Kohjitani

et al., 1996a; Farre et al., 2006) but induces a concentration-

dependent relaxation in muscle strips from opossum LOS

that is antagonized by CGRP 8–37. In the same specie, this

antagonist, however, does not prevent the relaxation

induced by EFS (Uc et al., 1997, 1999). The role of CGRP is

still unknown, but the current data do not support the

hypothesis that CGRP is a primary mediator of nerve-

induced LOS relaxation.

Carbon monoxide

Like NO, CO is a gas that has been suggested to play a role in

smooth muscle relaxation in other areas of the gastrointest-

inal tract (Watkins et al., 2004; Lim et al., 2005). The role of

CO in LOS relaxation has not been extensively studied and

results are not conclusive. The constitutive enzyme respon-

sible for the synthesis of CO, haem oxygenase type 2, is

present in the enteric nervous system (ENS) of the LOS

colocalizing in neurons containing NOS and VIP (Ny et al.,

1996). Both the CO-releasing molecule CORM-1 and pure

CO can relax muscle strips opossum, feline and porcine LOS,

but the selective haem oxygenase inhibitor, zinc protopor-

phyrin IX, does not modify EFS-induced relaxation (Ny et al.,

1996; Fan et al., 1998; Farre et al., 2006). CO uses the same

intracellular pathway as NO that is activation of GC and

cGMP production (Ny et al., 1996). The role of CO as an

NANC inhibitory neurotransmitter at the LOS requires

further investigation.

Figure 1 summarizes the main neurotransmitters, receptors

and channels involved in mediating LOS relaxation.

LOS contraction

The LOS relaxations are followed by an after contraction

that restores basal LOS tone. After a swallow-induced or a

transient LOS relaxation, the oral part of the sphincter

contracts in continuity with peristalsis in the oesophageal

body. The lower part of the LOS does not show after

contraction and the sphincter pressure simply returns to

the resting level. An identical pattern is obtained by EFS of

muscle strips from the LOS in different species. EFS induces

relaxation during the stimulus (‘on’ relaxation) followed by a

contraction (‘off’ contraction) when strips have been

obtained from the proximal part of the LOS and an isolated

‘on’ relaxation when the strips were obtained from the distal

part (Christensen et al., 1973; Gaumnitz et al., 1995;

Gonzalez et al., 2004).

In vivo, the LOS contraction observed after relaxation is

partially peripheral (rebound) and partially centrally

mediated (cholinergic excitatory innervation of the LOS)

(Beyak et al., 1997).

The excitatory neurotransmitters and subtypes of receptors

involved in LOS after contraction are not completely known.

Excitatory neurotransmitters in the LOS

Motor neurons of the entire gastrointestinal tract contain

acetylcholinetransferase (Ratcliffe et al., 1998; Konomi et al.,

2002; Porter et al., 2002) and the tachykinins such as

substance P (SP), neurokinin A (NKA) and B (NKB) (Sandler

et al., 1991; Shuttleworth et al., 1991; Yunker et al., 1999;

Yip et al., 2003). ACh is the main excitatory neurotransmitter

in the gastrointestinal tract but tachykinins can also play

an important role in specific gastrointestinal regions

(Cao et al., 2000; Krysiak and Preiksaitis, 2001; El-Mahmoudy

et al., 2003).

Acetylcholine

Excitatory motor neurons, immunoreactive for acetylcholi-

netransferase, are present in the LOS myenteric plexus

(Seelig et al., 1984; Brookes et al., 1996). Carbachol and

bethanechol induce a dose-dependent contraction of LOS

smooth muscle (Huber et al., 1993; Smid and Blackshaw,

2000a). Atropine inhibits the ‘off’ contraction of LOS muscle

strips observed after EFS (Gonzalez et al., 2004; Farre et al.,

2006). Gilbert et al. (1984) proposed that M2 muscarinic

Figure 1 Schematic representation of the neurotransmitters and
Kþ channels involved in LOS smooth muscle relaxation. Nitric oxide
(NO) released by nerve varicosities activates guanylate cyclase,
which increases cGMP levels followed by activation of membrane
Cl(Ca) and/or K(Ca) channels, hyperpolarizing the cell and inducing
LOS relaxation. Purines (ATP/ADP) can relax LOS by activation of
P2Y1 receptor, which is associated with activation of a K(Ca,slow)

channel. PACAP may also provoke relaxation by activation of
K(Ca,slow) channel acting through an unknown VIP/PACAP receptor.
LOS, lower oesophageal sphincter; PACAP, pituitary adenylate
cyclase-activating peptide; VIP, vasoactive intestinal polypeptide.
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receptors are located directly on the smooth muscle of the

opossum LOS. In cat LOS, however, carbachol-induced

contractions seem to be mediated by M3 receptors, as

suggested by the sensitivity to the antagonists methoctra-

mine, 4-DAMP and pirenzipine (Preiksaitis et al., 1994).

These results were sustained by experiments with cat LOS-

isolated muscle cells. Contraction of these cells was inhibited

by the ACh muscarinic M3 receptor antagonist p-fluoro-

hexa-hydro-sila-difenidol (Sohn et al., 1993). The activation

of M3 receptors is linked to Gq and to phosphatidylino-

sitol-specific phospholipase C and to the production of

inositol 1,4,5-trisphosphate and DAG. 1,4,5-Trisphosphate

causes release of Ca2þ from endoplasmic reticulum and

activation of calmodulin. Ca2þ -calmodulin causes activa-

tion of myosin light-chain kinase inducing the contraction

(Harnett et al., 2005).

Tachykinins

Substance P and NKA immunoreactive nerve fibres are

present in the LOS of human, pigs and dogs (Aggestrup

et al., 1986; Sandler et al., 1991). Intravenous administration

of SP increases LOS pressure, dose-dependent, using a

pathway that partially involves ACh muscarinic receptors.

In contrast, NKA increases LOS tone independently of neural

cholinergic mechanisms (Mukhopadhyay, 1978; Sandler

et al., 1991).

Substance P, NKA and NKB induce a concentration-

dependent contractile response of muscle strips from human

LOS with a rank order of potency NKA4NKB4SP.

The selective NK2 receptor antagonist, SR 48968, but not

the selective NK1 receptor antagonist, CP-96345, inhibits the

response to NKA (Huber et al., 1993). These results suggest

that the tachykinin-induced contraction of the LOS is

mediated by tachykinin NK2 receptor stimulation.

Nitric oxide

Although it is well established that NO is the main NANC

inhibitory neurotransmitter to the LOS, it can also play a role

in the LOS contraction. In LOS muscle strips, EFS induces

relaxation followed by an ‘off’ contraction. In opossum

(Gaumnitz et al., 1995), pig (Farre et al., 2006) and mouse

(Kim et al., 1999), both responses are impaired by the NOS

inhibitor N-nitro-L-arginine methyl ester and by the GC

inhibitor 1H-(1,2,4)-oxadiaziol-(4,3-a)quinoxalin-1-one, sug-

gesting that NO is involved not only in the relaxation but

also in the contraction (rebound contractions). Studies using

genetically engineered mice without neuronal NOS con-

firmed these results (Kim et al., 1999). Furthermore, NO may

contract oesophageal longitudinal muscle (Zhang and

Paterson, 2001).

This effect seems to be species dependent. In cat, rat and

human (Gonzalez et al., 2004; L’Heureux et al., 2006; Farre

et al., 2007b), NOS inhibitors do not affect the ‘off’

contraction. In vivo experiments in opossums and cats

showed that NG-nitro-L-arginine (i.v.) inhibit LOS relaxation

and decrease the amplitude of LOS after contraction

(Paterson et al., 1992; Yamato et al., 1992; Xue et al., 1996;

Sifrim and Lefebvre, 2001). The effect of NOS inhibitors on

LOS relaxation seems to be peripheral because it is similar in

vivo and in isolated LOS muscle strips. In contrast, the effect

of NOS inhibitors on LOS after contraction might be central.

In cats, the LOS after contraction mainly results from central

release of NO, neural excitation at the dorsal motor nucleus

of the vagus and activation of cholinergic excitatory

innervation to the LOS (Beyak et al., 1997).

Figure 2 summarizes the main neurotransmitters and

receptors involved in mediating the LOS contraction.

Asymmetry of the inhibitory and excitatory
neurotransmission to the LOS

There is a marked asymmetry in the contribution of the

inhibitory and excitatory neurotransmitters to the LOS. This

phenomena was described in pigs (Farre et al., 2004) and cats.

EFS of different muscle strips from the LOS showed that in

clasp fibres, there is a strong nitrergic (L’Heureux et al., 2006;

Farre et al., 2007a) and an apamin-sensitive component

mediated by ATP. In contrast, this type of neurotransmission

is reduced in sling fibres. Although NO and ATP mediate LOS

smooth muscle relaxation in both types of fibres, there is a

major contribution of the inhibitory components in clasp

fibres (Farre et al., 2006). This variation can be explained by

different inhibitory innervation between both sides of the

LOS (Brookes et al., 1996; Yuan et al., 1998; Yuan and

Brookes, 1999) and/or a higher sensitivity of the smooth

muscle to exogenous application of sodium nitroprusside

and ATP in the clasp fibres (Farre et al., 2006). Morphological

studies mapping the regional distribution of myenteric

neurons in the LOS showed a majority of inhibitory neurons

in the clasp region. Unlike the inhibitory components, the

cholinergic one is stronger in sling fibres (L’Heureux et al.,

2006; Farre et al., 2007a). Similarly, the variation can be

explained by different cholinergic innervation (Yuan and

Brookes, 1999) and/or different sensitivity of both sides of

the LOS to muscarinic receptors agonists as it was commen-

ted above. The asymmetrical contribution of the inhibitory

and excitatory neurotransmission might have an impact

Figure 2 Schematic representation of the neurotransmitters in-
volved in LOS smooth muscle contraction. ACh and tachykinins
(substance P, neurokinin A and B) released by nerve varicosities
induce LOS contraction by activation of M3 and NK2 receptors
respectively. Nitric oxide (NO) can also participate in the LOS
contraction by a cGMP pathway. LOS, lower oesophageal sphincter.
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during LOS relaxations in vivo and should be considered for

the development of pharmacological strategies aiming to

influence both LOS basal pressure and transient LOS

relaxations.

Nerve ending–smooth muscle interaction in the
LOS. Role of interstitial cells of Cajal

Interstitial cells of Cajal (ICC) were described for the first

time by Ramón y Cajal (1904) at the end of the eighteen

century. Immunohistochemical studies showed that they do

not have classical markers of myenteric neurons, glial cells,

fibroblasts or smooth muscle, but they do have neuronal

enolase, suggesting a connection with some neuronal type

(Prosser et al., 1989). At the LOS, only intramuscular ICC

(ICC-IM) can be identified and are located in both long-

itudinal and circular smooth muscle layers. Daniel and

Posey-Daniel (1984) described for the first time the ultra-

structural arrangement of the LOS neuromuscular junction.

Nerve endings with varicosities can innervate the smooth

muscle directly or indirectly through ICC-IM. The location

of ICC-IM suggested that they may play a role in transducing

the effects of neurotransmitters released from nerve ending

to smooth muscle cells. The role of ICC at the LOS has been

recently evaluated using a W/WV mutant mice (mutation

associated with a lack of ICC-IM) (Ward et al., 1998; Sivarao

et al., 2001). Smooth muscle strips from LOS of mutant mice

show a reduced NANC nitrergic neurotransmission suggest-

ing that ICC-IM may play a significant role in the inhibitory

neural pathway. The gastric fundus of W/WV mutant mice

have impaired cholinergic neurotransmission (Ward et al.,

2000) suggesting that ICC-IM play a major role in choliner-

gic excitatory inputs. However, swallow- and vagal-induced

LOS relaxation is not modified in the W/WV mutant mice

(Sivarao et al., 2001) suggesting that in vivo, the role of ICC-

IM is not critical for LOS nitrergic relaxation. In contrast,

W/WV mutant mice have a hypotensive LOS (Sivarao et al.,

2001), suggesting that deficiency in the ICC-IM may impair

the LOS smooth muscle function.

Further experiments were performed using another mu-

tant animal without ICC-IM (Ws/Ws rats) (Farre et al.,

2007b). In these animals, ultrastructural analysis shows the

presence of fibroblast-like ICC instead of ICC-IM. Fibroblast-

like ICC forms a direct apposition with nerve endings

varicosities and a GAP junction with smooth muscle cells.

The presence of these cells is rare in control rats. In this

model, the nitrergic and the apamin-sensitive relaxation of

muscle strips from the LOS was not affected. In Ws/Ws rats,

the cholinergic component of the response of LOS muscle

strips to EFS is preserved. These findings suggest that the

presence of fibroblast-like ICC in Ws/Ws rats may accom-

plish the same role of ICC-IM serving as the mediator of

inhibitory and excitatory neurotransmission in the LOS.
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fellow of the Flanders Research Foundation (FWO).

Conflict of interest

The authors state no conflict of interest.

References

Aggestrup S, Uddman R, Jensen SL, Hakanson R, Sundler F,
Schaffalitzky de MO et al. (1986). Regulatory peptides in lower
esophageal sphincter of pig and man. Dig Dis Sci 31: 1370–1375.

Aggestrup S, Uddman R, Jensen SL, Sundler F, Schaffalitzky de MO,
Holst JJ et al. (1985). Regulatory peptides in the lower esophageal
sphincter of man. Regul Pept 10: 167–178.

Alexander SP, Mathie A, Peters JA (2005). Guide to receptors and
channels, 1st edition (2005 revision). Br J Pharmacol 144 (Suppl 1):
S1–S128.

Allescher HD, Berezin I, Jury J, Daniel EE (1988). Characteristics of
canine lower esophageal sphincter: a new electrophysiological
tool. Am J Physiol 255: G441–G453.

Baccari MC, Calamai F (2001). Modulation of nitrergic relaxant
responses by peptides in the mouse gastric fundus. Regul Pept 98:
27–32.

Barnette M, Torphy TJ, Grous M, Fine C, Ormsbee III HS (1989).
Cyclic GMP: a potential mediator of neurally- and drug-induced
relaxation of opossum lower esophageal sphincter. J Pharmacol Exp
Ther 249: 524–528.

Behar J, Biancani P (1977). Effect of cholecystokinin-octapeptide on
lower esophageal sphincter. Gastroenterology 73: 57–61.

Behar J, Guenard V, Walsh JH, Biancani P (1989). VIP and acetylcho-
line: neurotransmitters in esophageal circular smooth muscle.
Am J Physiol 257: G380–G385.

Beyak MJ, Collman PI, Valdez DT, Xue S, Diamant NE (1997).
Superior laryngeal nerve stimulation in the cat: effect on
oropharyngeal swallowing, oesophageal motility and lower oeso-
phageal sphincter activity. Neurogastroenterol Motil 9: 117–127.

Biancani P, Hillemeier C, Bitar KN, Makhlouf GM (1987). Contrac-
tion mediated by Ca2þ influx in esophageal muscle and by Ca2þ
release in the LES. Am J Physiol 253: G760–G766.

Biancani P, Walsh JH, Behar J (1984). Vasoactive intestinal polypep-
tide. A neurotransmitter for lower esophageal sphincter relaxa-
tion. J Clin Invest 73: 963–967.

Blackshaw LA, Haupt JA, Omari T, Dent J (1997). Vagal and
sympathetic influences on the ferret lower oesophageal sphincter.
J Auton Nerv Syst 66: 179–188.

Boyle JT, Altschuler SM, Nixon TE, Tuchman DN, Pack AI, Cohen S
(1985). Role of the diaphragm in the genesis of lower esophageal
sphincter pressure in the cat. Gastroenterology 88: 723–730.

Brookes SJ, Chen BN, Hodgson WM, Costa M (1996). Characteriza-
tion of excitatory and inhibitory motor neurons to the guinea pig
lower esophageal sphincter. Gastroenterology 111: 108–117.

Bult H, Boeckxstaens GE, Pelckmans PA, Jordaens FH, Van Maercke
YM, Herman AG (1990). Nitric oxide as an inhibitory non-
adrenergic non-cholinergic neurotransmitter. Nature 345: 346–
347.

Burnstock G, Campbell G, Satchell D, Smythe A (1970). Evidence
that adenosine triphosphate or a related nucleotide is the
transmitter substance released by non-adrenergic inhibitory
nerves in the gut. Br J Pharmacol 40: 668–688.

Cao W, Cheng L, Behar J, Biancani P, Harnett KM (2006). IL-1beta
signaling in cat lower esophageal sphincter circular muscle. Am J
Physiol Gastrointest Liver Physiol 291: G672–G680.

Cao W, Harnett KM, Behar J, Biancani P (2002). PGF(2alpha)-induced
contraction of cat esophageal and lower esophageal sphincter
circular smooth muscle. Am J Physiol Gastrointest Liver Physiol 283:
G282–G291.

Cao W, Pricolo VE, Zhang L, Behar J, Biancani P, Kirber MT (2000).
Gq-linked NK(2) receptors mediate neurally induced contraction

Neurotransmission in the lower oesophageal sphincter
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