
Introduction

Gastro-oesophageal reflux disease (GORD)
is characterised by symptoms of recurrent
heartburn and/or acid regurgitation. A recent
systematic review of the epidemiology of
GORD estimated its prevalence at 10-20%, de-
fined by occurrence of symptoms at least week-
ly1. It is therefore one of the major clinical
problems in our society today. It arises from
excessive exposure of the oesophageal mucosa
to acidic gastric contents following reflux
across the gastro-oesophageal junction. Un-
treated, it may result in severe erosions of the
oesophagus, leading to strictures and metapla-
sia. The pain associated with reflux disease has
a major impact on quality of life regardless of
the presence or absence of oesophageal ero-
sions. This review is aimed to provide indica-
tors towards novel therapies for GORD, based
on its primary aetiology and knowledge of
physiological and pharmacological processes
involved in events leading to gastro-oe-
sophageal reflux (GOR) episodes. 

GORD is currently managed mainly by inhi-
bition of acid secretion using proton pump in-
hibitors (PPI). This is despite the fact that gas-
tric acid secretion is actually normal in most
reflux disease patients. It is successful because
acid is in the wrong place at the wrong time.
PPI therapy is unsuccessful in approximately
30% of patients2, either because of incomplete
acid suppression, or because of symptoms pro-
duced by non- or weak-acid reflux. A treat-
ment that attacks the fundamental cause of re-
flux would be expected to provide a better suc-
cess rate, and of course be more appropriate to
the disease aetiology.
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Abstract. – Gastro-oesophageal reflux
disease (GORD) is caused by disordered con-
trol of the gastro-oesophageal reflux barrier,
comprised internally of the lower oesophageal
sphincter (LOS) and externally the crural di-
aphragm (CD). Both relax briefly to allow bolus
passage during oesophageal peristalsis. Brief
relaxation also occurs prior to gastro-oe-
sophageal reflux, known as transient LOS re-
laxation (TLOSR), normally allowing venting of
gas. TLOSRs also account for up to 90% of
acid reflux episodes. The development of
GORD therefore depends upon the rate of
TLOSR and the physical and chemical nature
of refluxate. We established an animal model
of reflux in ferrets, in which similar patterns of
TLOSR are seen to humans. TLOSRs are medi-
ated via a vago-vagal pathway initiated by ten-
sion receptors in the gastric musculature.
They have central terminals in the brainstem
which provide input to a central program gen-
erator. The program has 3 simultaneous out-
puts: 1. brief activation of vagal motor neu-
rones to the LOS, which activate inhibitory en-
teric motorneurones, leading to smooth mus-
cle relaxation: 2. suppression of oesophageal
peristalsis: 3. suppression of motor output to
the CD. We have investigated several aspects
of the TLOSR pathway in ferrets, and deter-
mined that the optimal site for therapeutic
pharmacological intervention is at gastric va-
gal tension receptor endings. Their responses
to distension are potently inhibited by gamma-
aminobutyric acid type B (GABAB) receptor
agonists and metabotropic glutamate type 5
receptor (mGluR5) antagonists. These effects
translate to inhibition of TLOSR and reflux in
animal models and humans. Clinical studies
indicate both types of drug may have potential
in the treatment of GORD. 
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The Lower Oesophageal Sphincter (LOS)
and Reflux

The primary aetiology of GORD is disordered
control of the GOR barrier. This barrier is com-
prised of an internal lower oesophageal sphincter
(LOS) and an external sphincter formed by the
crural diaphragm (CD). The two sphincters
briefly and simultaneously relax to allow bolus
passage during oesophageal peristalsis. Brief re-
laxation also occurs prior to GOR, known as
transient LOS relaxation (TLOSR). TLOSR nor-
mally allow belching in order to vent gas trapped
above the gastric contents, during which a little
gastric acid may reflux simultaneously, but not
normally sufficient to cause oesophageal mucos-
al damage. TLOSR, unlike swallow-induced re-
laxations, are independent of oesophageal body
motor activity, and are significantly longer in du-
ration3. TLOSR range in duration from a few
seconds to >30 seconds4. Importantly, TLOSR
are normally selective for gas reflux5. Although
this selectivity has long been established, the
fundamental mechanisms underlying selectivity
remain unknown. TLOSRs account for up to
90% of acid reflux episodes in asymptomatic
controls and GORD patients6. The development
of GORD is therefore dependent upon factors
that alter the rate of TLOSR and the physical
(liquid vs gas) and chemical (acid vs non-acid)
nature of refluxate. 

Neural Pathways of TLOSR

Early evidence from a dog model indicated
that TLOSRs are mediated via a vagal pathway,
based on abolition of TLOSR during vagal cool-
ing7. The same model showed that a central
mechanism was likely because of the abolition
of TLOSR by anaesthesia8, and human studies
determined that they were inhibited during
sleep9. It was already known that TLOSR were
triggered by meals6, but which meal components
and the receptor mechanisms responsible re-
mained elusive. The trigger zone for TLOSR
was eventually localised specifically within the
proximal (cardia) portion of the stomach through
elegant partitioning studies of the dog stomach10.
Around the same time it was shown that reflux-
ing species possessed mechanoreceptors located
in this part of the stomach musculature that were
responsive to local tension in the smooth mus-
cle, as opposed to its length11. These vagal affer-

ents have central terminals in the nucleus tractus
solitarius of the brain stem13 whereupon they
synapse with other neurones which constitute a
central program generator3 (Figure 1). It is this
program generator that is presumably sensitive
to a number of other inputs relating to con-
sciousness and body position. There are several
simultaneous outputs from the program: first is a
brief and powerful activation of vagal motor
neurones (in the adjacent dorsal vagal nucleus)
projecting to the LOS, which activate inhibitory
motorneurones of the enteric nervous system,
leading to smooth muscle relaxation. Second is a
suppression of oesophageal body peristalsis13,
presumably due to interruption of excitatory va-
gal output. Third is a suppression of motor out-
put to the CD leading to opening of the external
striated muscle sphincter3,14,15.

Pharmacology of TLOSR pathways

GABAB receptors
In order to improve understanding in this

field we have established a small animal model
of reflux in ferrets, in which similar patterns of
oesophageal motility are associated with reflux
to those seen in humans. These occur at a simi-
lar rate after a gastric nutrient load in ferrets
and humans, and show a low level of variability
between studies in the same animal16. Thus the
model is ideal for studies of the effects of ex-
perimental interventions on TLOSR17, and re-
sulted in the first publication of the inhibitory
effects of GABAB receptor agonists on reflux18,
alongside findings from the dog model19 which
has provoked intense clinical and basic interest.
These studies showed that a range of GABAB

receptor agonists inhibited TLOSR, in some
cases with complete suppression of TLOSR
and thus GOR. 

We have in parallel characterised the specific
neural reflex pathways in anaesthetised ferrets
and in isolated tissue which lead to LOS relax-
ation. These studies have led to the knowledge
that GABAB receptors are present at several
points along the TLOSR pathway (Figure 1). In
vivo and in vitro recordings of vagal tension re-
ceptors in the ferret proximal stomach showed
that activation of GABAB receptors potently in-
hibited their mechanosensory stimulus response
relationships20-22. Therefore these drugs act at the
point of initiation of TLOSR by gastric disten-
sion. Because GABAB receptors are expressed by
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vagal afferent cell bodies in the nodose gan-
glion22, we considered the possibility they may
also act at the central endings in the brain stem.
This was confirmed by recordings of the respons-
es to gastric distension of neurones in the nucleus
tractus solitarius and vagal motor neurones21.
GABAB receptors were also shown immunohis-
tochemically to be present on the vagal mo-
torneurones themselves23, suggesting they may
influence motor outflow to the LOS directly.
This was demonstrated by manometric record-
ings in vivo and in vitro of LOS responses to va-
gal efferent stimulation24,25. These studies indi-
cated the most likely mode of action was by in-
hibiting acetylcholine release from vagal pregan-
glionic motor endings onto inhibitory enteric mo-
torneurones, which results in a reduction of the
LOS relaxation in response to vagal stimulation.
GABAB receptor agonism did not affect LOS re-
sponses to local stimulation, indicating the effect
was restricted to the vagal motorneurones and
not the enteric nervous system. 

Having determined the potential for actions of
GABAB receptors at numerous peripheral and
central sites along the TLOSR pathway, it re-
mains to be finally understood the location of its
main therapeutic action in inhibiting TLOSR.

Some clues can be gained by observing the effect
of GABAB receptor agonism on TLOSR, where
it is clear that the frequency of occurrence is re-
duced, but not the depth or duration of LOS re-
laxation18,19. This strongly suggests that the effect
lies on the afferent pathway that triggers TLOSR,
rather than the motor pathway that relaxes
smooth muscle. 

Studies in humans began soon after the
demonstration that the GABAB receptor agonist
baclofen was effective in reducing TLOSR in
dog and ferret, helped by its existing clinical use
and safety for neurological indications. Potent in-
hibition of TLOSR and reflux was seen in
healthy volunteers26, and subsequently in reflux
disease patients27. Several subsequent trials con-
firmed these observations in adult patients28-32

and children33,34. Baclofen suffers from a number
of drawbacks in its use as an anti-reflux agent. It
has documented central nervous side effects and
cardiovascular contra-indications, which means
that it is unlikely to be used as a mainstream or
even adjunct treatment for GORD. Clinical trials
are currently in progress with novel GABAB re-
ceptor agonists whose actions are peripherally re-
stricted, so there is great optimism about the pos-
sibility of a “reflux inhibitor” drug being avail-
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Figure 1. Neural pathway of TLOSR, show-
ing locations of GABAB receptors determined
by functional (manometric, electrophysiologi-
cal), and immunohistochemical methods.
TLOSR are initiated by distension of the
proximal stomach which activates vagal ten-
sion receptors. These in turn trigger a central
pattern generator, which gives rise to LOS re-
laxation by activation of inhibitory enteric
neurons that innervate smooth muscle.
GABAB receptors inhibit responses of gastric
mechanoreceptors to distension, and are ex-
pressed on their cell bodies in the nodose gan-
glion. GABAB receptors also exist on the cen-
tral terminals of vagal afferents in the nucleus
tractus solitarius (NTS), and on vagal mo-
torneurones in the dorsal vagal motor nucleus
(DVN), whereupon they may have central ac-
tions to reduce triggering of TLOSR. GABAB

receptors inhibit transmission from peripheral
terminals of vagal motorneurones onto enteric
neurons, but this does not appear to impact on
the profile of LOS relaxations in vivo. Adapt-
ed from3.
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able soon. What these basic and clinical studies
tell us is that vagal mechanoreceptors in the
proximal stomach may now be the most impor-
tant cellular target in this prevalent disease, sup-
planting or rivalling the parietal acid secreting
cells in the gastric epithelium.

Metabotropic Glutamate Receptors (mGluR)
Just over a decade ago it was found that the

cloned GABAB receptor shared many features
with mGluR. They both belong to family 3 of
the G-protein coupled receptors, and possess
large extracellular domains35. There was evi-
dence they had similar effects on synaptic trans-
mission in the nucleus tractus solitarius36, so we
embarked on a study of the effects and localisa-
tion of mGluR along TLOSR pathways. One of
the major differences between GABAB recep-
tors and mGluR is the existence of several dis-
tinct subtypes of mGluR encoded by different
genes. Thus group I mGluR are in fact excitato-
ry, comprising mGluR1 and mGluR5, whereas
group II and III more closely resemble GABAB

receptors, being inhibitory. Group II comprises
mGluR2 and 3, and group III comprises
mGluR4, 6 and 8. Using RT-PCR we found all
of these were expressed in the brain and nodose
ganglion of several species, although human
and ferret lacked expression of mGluR3 and 6
in the nodose ganglion based on use of con-
served sequences for detection37. Similar find-
ings were made in ferret nodose ganglion using
immunohistochemistry and retrograde labelling
of gastric vagal afferents37. Application of selec-
tive agonists to group I, II or III mGluR re-
vealed that group II and III activation inhibited
gastric mechanoreceptors to a similar extent to
that we observed with GABAB receptor ago-
nists. A group I agonist was without effect. It
became clear that tonic endogenous activation
of mGluR took place on vagal afferents, be-
cause a group III antagonist alone was able to
potentiate vagal afferent mechanosensitivity37.
Conversely, we found that group I (mGluR5)
antagonists potently reduced mechanosensitivi-
ty38,39. Both group III and group I effects in vitro
translated to corresponding responses in vivo.
Group III agonists caused inhibition of TLOSR
in ferrets (notably mGluR8), and group I
(mGluR5) antagonists potently inhibited
TLOSR in both dogs and ferrets40,41. Experi-
ments using nucleus tractus solitarius record-
ings in vivo indicate that mGluR5 effects are
most likely on the peripheral endings of vagal

afferents, but some central actions along excita-
tory pathways are evident38. These results in an-
imal models in turn have translated to early
findings in humans, which demonstrate the pos-
sibility for clinical use of mGluR5 antagonists
in treatment of GORD42. 

Nitric Oxide
Interest in the role of NO in the enteric ner-

vous system has been intense over the past 20
years or so, and its role in LOS relaxation is
important in a number of species. Effects of
NO synthase inhibitors on TLOSR have been
observed in dogs43 and humans44, but their site
of action is not yet known. It is worth noting
that they do not affect the depth of LOS relax-
ation at the doses used in humans, and may
therefore act on the trigger mechanism rather
than the motor pathway as may be presumed.
The clinical utility of NO synthase inhibitors in
GORD is questionable due to the presence of
side effects on cardiovascular function and
elsewhere in the GI tract.

Cholecystokinin
CCK is traditionally thought to mediate effects

of fat and protein in the small intestine on food
intake and gastric emptying via activation of va-
gal afferents. Since this is comparable with the
pathway involved in TLOSR (albeit from a dif-
ferent location), it made sense to investigate the
effect of blockade of vagal CCK receptors on
TLOSR. Studies in both dogs43,45 and humans46

showed that a significant decrease in TLOSR oc-
curred after CCK1 receptor antagonism. Further
development of CCK1 receptor antagonists for
GORD has not been evident, presumably because
of their side effects on other systems relying on
CCK signalling.

Cannabinoids
Cannabinoids have been established for some

time as anti-emetics, which was recently shown
to be attributable to their actions on central vagal
pathways47. This prompted us to investigate if
cannabinoid type 1 (CB1) receptor activation was
effective in inhibiting TLOSR in dogs. Potent in-
hibition of TLOSR was observed below the
threshold for central nervous system side effects,
and this was not attributable to effects on vagal
afferents48. Although cannabinoids are promising
for treatment of emesis and pain, it remains to be
seen if they have potential in the treatment of
GORD.
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Other Transmitters
5-Hydroxytryptamine (5-HT), opioid, and

ionotropic glutamate receptors of the NMDA
type have all been shown to play a role in the
modulation of triggering of TLOSR49-52, but ei-
ther the effects are marginal, or the target is as-
sociated with too many side effects. The site of
action to inhibit TLOSR of drugs acting on
these receptors is not known, but if it would be
feasible to direct treatments peripherally this
could improve their profile in some cases. In
this context there are documented actions of 5-
HT3 and NMDA receptors at vagal afferent
endings39,53 as well as in the central nervous
system. 

Conclusions

It is hoped that there are several key points
that are worth noting from this review. Firstly
that vagal afferents are key targets in GORD.
Secondly that agonists at GABAB receptors and
Group III mGluR or antagonists of Group I
mGluR reduce TLOSR and reflux, and they
may do this by inhibiting mechanosensitivity of
vagal sensory endings, and therefore have a pe-
ripheral action. Thirdly, that they may also in-
hibit vagal transmission in the nucleus tractus
solitarius, and therefore also have some central
actions. Finally, that these actions offer an ex-
citing new avenue in the treatment options for
GORD.
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