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AbsTRAcT

Background and aims:

Transient lower esophageal sphincter relaxations (TLESRs) are the predominant mechanisms 

underlying gastroesophageal reflux. TLESRs are mediated by a vago-vagal reflex, which can be 

blocked by interaction with metabotropic Glutamate Receptor 5 (mGluR5), γ-aminobutyric acid 

type B (GABAB), γ-aminobutyric acid type A (GABAA) and cannabinoid (CB) receptors. However, the 

distribution of these receptors in the neural pathway underlying the triggering of TLESRs has not 

been evaluated in humans. 

Methods:

Using immunohistochemistry we investigated the distribution of mGluR5, GABAA, GABAB, CB1 and 

CB2 receptors in the human nodose ganglion, the brain stem and the myenteric plexus of the 

esophagus.

Results:

MGluR5, GABAB, CB1 and CB2 receptors are abundantly expressed in neurons of the myenteric 

plexus of the LES, nodose ganglion cell bodies and nerve fibres, the dorsal motor nucleus and 

nucleus of the solitary tract in the brain stem. GABAA receptors are expressed in the same regions 

except in the nodose ganglion and myenteric plexus of the LES. 

Conclusion:

Human mGluR5, GABAA,B , and CB1,2 receptors are abundantly expressed along the vago-vagal 

neural pathway and involved in the triggering of TLESRs.  These findings are in line with the central 

side effects observed during treatment with reflux inhibitors such as GABAB receptor agonists and 

mGluR5 antagonists, but also suggest that peripherally acting compounds may be effective.
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InTRoducTIon

Gastroesophageal reflux disease (GERD) is a condition characterized by reflux of gastric contents 

causing troublesome symptoms, complications or both.1 In Western countries, GERD is one of 

the most common gastrointestinal diseases affecting approximately 10–20% of adults. 2 Transient 

lower esophageal sphincter relaxations (TLESR) are the predominant mechanisms underlying 

gastro-esophageal reflux, both in normal subjects and in GERD patients. 3, 4

TLESR are vago-vagally mediated motor patterns triggered by activation of vagal afferents in the 

cardia of the stomach by various stimuli, of which gastric distentions are the most important. 5 The 

cell bodies of the vagal afferents are located in the nodose ganglion synapsing in the nucleus of the 

solitary tract (NTS) in the brain stem. Subsequently, neurons in the dorsal motor nucleus (DMV) of 

the vagus nerve are activated thereby initiating the specific motor pattern underlying TLESRs, i.e. 

relaxation of the lower esophageal sphincter (LES), esophageal shortening, and inhibition of the 

crural diaphragm. 6 (Figure 1) 

Figure 1 | Schematic representation of the neural pathway involved in the triggering of TLESRs. (DMV dorsal 
motor nucleus of the vagal nerve, NTS nucleus of the solitary tract, LES lower esophageal sphincter) 
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TLESRs and particularly the receptors involved in the underlying neural pathway have been 

identified as a novel therapeutic target. Animal data indicate that γ-aminobutyric acid type B 

(GABAB) receptors and metabotropic glutamate receptor 5 (mGluR5) are expressed along this 

pathway, in particular in the nodose ganglion and NTS of the ferret.7 More importantly, recent 

clinical studies have clearly demonstrated that GABAB-receptor agonists baclofen and lesogaberan 

and mGluR5 antagonists inhibit TLESRs thereby reducing the number of reflux episodes and 

symptoms in healthy subjects and GERD patients. 8-12 Activation of GABAA receptors, known to 

mediate fast postsynpatic inhibition, also leads to an inhibition of TLESRs in dogs, but the effect 

of GABAA agonists on the inhibition of TLESRs has not been studied in humans.13 Lastly, Δ9-

tetrahydrocannabinol, a receptor agonist of cannabinoid 1 and 2 receptor (CB1, CB2) reduced the 

number of TLESRs in humans and dogs. 14

Compounds targeting TLESRs, also referred to as reflux inhibitors, are currently evaluated as an 

add-on treatment for GERD patients that only partially respond to acid suppression with proton 

pump inhibitors. One of the main problems so far are central side effects such dizziness and 

nausea, most likely due to their interaction with receptors located in the central nervous system. 
10, 15, 16 However, the exact location of the receptors involved in TLESR neural pathway has not been 

evaluated in humans. Evidences from animal models, including receptor distribution, may differ 

significantly from the human situation; therefore an insight into the distribution of these receptors 

in human tissue is of utmost importance in optimising bench to bedside translation. Therefore, 

the aim of this study was to analyse the presence of the mGluR5, GABAB, GABAA and cannabinoid 

receptors in human nodose ganglion, DMV, NTS and the myenteric plexus of the lower esophageal 

sphincter.

MeThods

Tissue samples

Brain and nodose ganglion tissues were obtained post-mortem from patients (5 male, median 

age 72 yrs, range 45-82) with prior informed consent for brain autopsy and for the use of human 

brain tissue for research.  All autopsies were performed within 12 hours after death. Full thickness 

esophageal specimens (n=4) were obtained from surgical esophageal resections. Clinical data 

are presented in table 1. None of the patients had a reported history of any neurodegenerative 

diseases. Tissues were fixed in paraformaldehyde and embedded in paraffin. Cerebellum and 

cortex control tissue was obtained from the tissue bank of the department of neuropathology of 

the Academic Medical Centre.
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Tissue number Age sex cause of death

Nodose Ganglion 1 73 M Pulmonary Embolism

2 65 M Myocardial infarction

3 72 F Colorectal cancer with liver metastasis

4 81 M Pneumonia caused by carcinoma

5 72 M Myocardial infarction

Medulla Oblongata 1 45 F Mesenterial ischemia with complicated surgery

2 77 F Myocardial infarction

3 75 F Pancreatic adenocarcinoma, no brain metastasis 

4 54 M Pneumonia, respiratory insufficiency

5 71 F Cardiomyopathy with decompensation

Esophagus 1 66 M Squamous cell carcinoma midesophagus

2 53 F Squamous cell carcinoma midesophagus

3 56 M Adenocarcinoma esophagoagastric junction

4 59 M Adenocarcinoma esophagoagastric junction

Table 1

Immunohistochemistry and antibody characterisation

Paraffin-embedded tissues were sectioned coronally with sections of 6 μm. Sections were 

mounted on pre-coated glass slides. Representative sections of all specimens were processed for 

hematoxylin and eosin and/or Nissl stains, to assure that specimens were of normal histology.

The sections were deparaffinised using xylene, re-hydrated and incubated with 1% H2O2 diluted in 

methanol for 20 min. Slides were then washed with phosphate-buffered saline (PBS) (10 mM, pH 

7.4) and heated in sodium citrate buffer (0.01 M, pH 6.0) for 10 minutes for antigen retrieval. After 

washing with PBS, the slides were incubated for 30 minutes in 10% normal goat serum followed 

by incubation with the primary antibodies overnight at 4 °C. Antibodies were visualized using the 

Powervision peroxidase system (Immunologic, Duiven, the Netherlands) and 3,3-diaminobenzidine 

(Sigma, St Louis, MO, USA) for a brownish staining. Hematoxylin was used as a counterstain, and 

sections were subsequently dehydrated and mounted. As a negative control, slides were incubated 

without the primary antibody. Human cerebellum and cortex were used as positive control tissue 

when appropriate. The primary antibodies used in the study are summarized in Table 2. Studies in 

which the specificity of the antibodies was confirmed in humans are listed in the table. 

Evaluation of immunohistochemical staining

Immunoreactivity of neurons, nerve fibres or ganglion cells was evaluated in the nodose 

ganglion, NTS, DMV and myenteric plexus. Localisation of the NTS and DMV was confirmed by an 

experienced neuropathologist (DT). The relative density of labelling was classified as absent (-), 
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rare (±), moderate (+) or extensive (++). All slides were scored independently by two observers 

and a consensus score was obtained. Additionally, immunopositive cells in nodose ganglion were 

counted (mean ± standard deviation [SD]). Sections were digitized using an Olympus microscope 

equipped with a DP-10 digital camera (Olympus, Japan). The images were imported into Adobe 

Photoshop for minor adjustments of brightness and sharpness.

Antigen Primary antibody source dilution specificity

mGluR5 Polyclonal rabbit Upstate 1:100 Aronica, Boer 44 45

GABABR1, ab1531 Polyclonal guinea pig Chemicon 
International

1:200 Waldvogel, Aronica 27 46

GABABR2, ab28792 Polyconcal rabbit Santa Cruz 
Biotechnology

1:75 Torashima 28

GABAAα1Mab 339 Monoclonal mouse Chemicon 1:500 Waldvogel, Aronica 46, 47

GABAA β2/3  Mab341 Polyclonal mouse Chemicon 1:150 Waldvogel 47

CB1 Polyclonal rabbit Abcam 1:100 Aronica 48

CB2 Polyclonal rabbit Cayman 1:100 Aronica 48 

Table 2

ResulTs

Nodose ganglion

The presence of ganglion cells was confirmed using Nissl staining in all nodose ganglion sections 

(n=5). Immunostaining for mGluR5 and for GABAB R1 and GABAB R2 was scattered throughout the 

nodose ganglion and mainly expressed in ganglion cells and moderately in nerve fibres (Figure 2). 

No immunoreactivity for GABAAα1 was observed whereas normal staining was observed in brain 

cortex, i.e. diffuse and strong neurophil immunoreactivity throughout the cortex. In contrast, 

immunoreactivity for GABAA β2/3 was detected in ganglion cells, as shown in figures 2I and 2J. 

Extensive staining of both CB1 and CB2 was observed with a prominent immunoreactivity of 

ganglion cells and moderate staining of nerve fibres.

Medulla oblongata

Nuclei in the medulla oblongata were indentified using Nissl and haematoxylin and eosin (H&E) 

staining. A representative overview of a section stained for mGluR5 is shown (figure 3A). Both in 

the NTS and DMV, expression of mGluR5 was observed in nerve fibres and in neurons while the 

solitary tract remained unstained. Other stained regions comprised the olivary nuclei, but staining 

was less prominent compared to the cranial nerve nuclei like the nucleus of the hypoglossus nerve. 

A summary of staining data is given in table 3.
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Figure 2 | Immunostainings of the nodose ganglion. In panel A and B, mGluR5 immunoreactivity  is detected 
in neuronal cell bodies and nerve fibres (A and B). GABAB R1 (C and D) and GABAB R2 (E and F) have a 
comparable staining pattern in ganglion cells and in nerve fibres. In contrast to GABAAα1 (G and H), GABAA 
β2/3 receptor subunits (I and J) are present in the nodose ganglion. Strong and specific labelling of ganglion 
cells is observed for both cannabinoid receptors (CB1 (K and L) and CB2 (M and N)). Scale bar: A,C,G,I, K and 
M = 200 μm,  B, D and J = 70 μm, F, L and N = 40 μm.
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Figure 3 | Images A to G show representative stainings of the medulla oblongata at the level of the upper 
medulla.  Immunoreactivity for mGluR5 can be observed in A, B and C with different magnification, revealing 
mGluR5 immunoreactive neurons in the DMV. GABAB R1 immunreactivity on neurons and nerve fibres in the 
DMV is shown in image D, and reactivity for GABAB R2 is shown in the DMV (E) and at a larger magnification 
(F) . A typical plasma membrane and dendrite staining is observed for GABAAα1 subunits in the NTS (G) with 
a larger magnification in H. Comparably, extensive staining of axons and dendrites is observed for CB1 (I) and 
CB2 (J) in DMV. Scale bars: A 400 μm BG 150 μm CDEIJ 50 μm  FH 20 μm. Abbreviations: DMV: dorsal motor 
nucleus of the vagus, NTS: nucleus of the solitary tract, Sol: Solitary tract, VL: Ventrolateral solitary nucleus, 
DFr: dorsal fringe of the dorsal nucleus of the vagus, MFr: medial fringe of the dorsal nucleus of the vagus, 
In: Intercalated nucleus of the vagus.
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nodose ganglion nTs dMV Myenteric 
plexus

Ganglion 
cells

Nerve 
fibres

Cell counts 
(SD)

Neurons Nerve 
fibres

Neurons Nerve 
fibres

Neurons

mGluR5 ++ + 72 (12) +/- + + ++ ++

GABAB R1 ++ + 70 (10) + ++ + + +

GABAB R2 ++ + 73 (12) +/- +/- + + ++

GABAA α1 - - 0 (0) + ++ +/- ++ -

GABAA β2/3 ++ + 52 (6) - + +/- + +

CB 1 ++ + 64 (13) + +/- + + ++

CB 2 ++ + 66 (11) + + ++ + ++

Table 3 | The relative density of labelling was classified as absent (-), rare (±), moderate (+) or extensive (++).

In control cerebellum, GABABR1 and GABABR2 co-staining was observed along with a cellular 

pattern similar to that previously described. Positive stainings of Purkinje cell and molecular layers 

were also observed. In the medulla oblongata, GABAB receptors were localized in the DMV and 

NTS mostly on the cell bodies, as shown in figures 3D and 3E. Moderate staining was observed in 

the solitary tract, whilst a profound staining in the olivary nucleus and in the dorsal olivary nucleus 

was observed.  

A typical staining pattern of the plasma membrane and dendrites was observed in GABAAα1 and 

CB1 and CB2 stainings, as shown in figures 3G-3J. Cannabinoid receptors were observed in the 

DMV and NTS and other nuclei in the brain stem, comparable to GABAB receptor distribution, 

whereas staining in the solitary tract could not be detected. 

Myenteric plexus

Four LES resection specimens were studied in which the myenteric plexus could easily be identified 

between the two muscle layers. The ganglion cells in the myenteric plexus clearly expressed 

mGluR5, GABAB receptor subunits and both cannabinoid receptors (Figure 4). In contrast, no 

staining for GABAAα1 was observed in any of the esophageal resection specimens. Additionally, 

immunolabeling of nerve fibres was observed for GABAA β2/3  (I and J) and CB1 (L). 
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Figure 4 | The presence of mGluR5 (A and B), GABABR1 (C and D), GABABR2 (E and F), GABAA β2/3 (I and 
J),  CB1 (K and L) and CB2 (M, N and O) receptors was observed in ganglion cells in the myenteric plexus. 
Additionally, immunolabeling of nerve fibres was observed in for GABAA β2/3  (I and J) and CB1 (L). No 
immunoreactivty for GABAAα1 (G and H) was observed. Scale bars A, C, E, G, J, K, M, N 150μm,  B, D, F H, I, 
L and O 50 μm.

dIscussIon

This is the first human study that analyzed the distribution of mGluR5, GABA and cannabinoid 

receptors along the vago-vagal neural pathway involved in the triggering of TLESRs. Similar to 

previous animal studies, all receptors were abundantly expressed in the brain stem, and all but 

GABAAα1 were present in the nodose ganglion and myenteric plexus of the LES. These findings are 
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in line with the central side effects reported during treatment with reflux inhibitors such as GABAB 

receptor agonists and mGluR5 antagonists, and underscore that peripheral acting compounds may 

still be effective as reflux inhibitors.

A TLESR is characterised by relaxation of the LES and crural diaphragm occurring in the absence of 

swallowing, triggered by the activation of mechanosensitive receptors located on vagal afferents 

within the stomach muscle layer, or as recently hypothesized, by activation of chemo- or tension 

receptors within the gastric mucosa.17 These vagal afferents have their cell body in the nodose 

ganglion and terminate in the NTS. Tracing studies using pseudorabies virus, known to cross neural 

synapses, elegantly showed that the signal is relayed to the NTS and nuclei in the dorsal vagal 

complex in the brainstem. 18 Finally, after integration of the sensory information, DMV neurons 

activate inhibitory neurons in the myenteric plexus of the LES leading to relaxation. According to 

recent evidence, the crural diaphragm is also directly innervated from these regions in the DMV, 

which explains the co-ordination of the motor pattern. 19, 20 To study the distribution of receptors 

along the neural pathway involved in the triggering of TLESRs, human nodose ganglia, brain stems 

and lower esophageal sphincters were analysed for the presence of mGluR5, GABAB, GABAA and 

cannabinoid receptors.

Vagal afferents utilize glutamate as their principal neurotransmitter to communicate with NTS 

neurons by activation of both ionotropic and metabotropic glutamate receptors. 21  Metabotropic 

Glutamate 5 receptors located on vagal afferents are involved in visceral perception, as demonstrated 

by the finding that mGluR5 antagonists reduce mechanosensitivity to gastric distention. 22, 23 In 

multiple species such as dogs, ferrets and rodents, mGluR5 has been demonstrated in the nodose 

ganglion, DMV and NTS using polymerase chain reactions (PCR) and immunhistochemical stainings. 
7, 22 In humans, the presence of mGluR5 has been previously described in the nodose ganglion 

using PCR. 7 In our study, we confirmed these finding using immunohistochemistry illustrating 

labelling for mGluR5 of the nodose ganglion, NTS and DMV. However, retrograde labelling of 

gastric projecting neurons in the brain stem and nodose ganglion in ferrets revealed that the 

expression of mGluR5 receptors was confined to the afferent soma in the nodose ganglion, whilst 

gastric projecting neurons in the DMV and NTS did not express mGluR5 receptors. 22   In contrast 

to this observation, microinjection of L-glutamate in the DMV in ferrets abolishes LES pressure 

suggesting that glutamate excites neurons targeting the LES, possibly via mGluR5 receptors. 24 

Clearly, these approaches cannot be used in humans making it impossible to determine if the 

LES is innervated by mGluR5 expressing neurons. In addition, we demonstrated the presence of 

mGluR5 in the myenteric plexus neurons for the first time. Previously, the presence of mGluR5 

receptors has been demonstrated in rats and guinea pigs in the myenteric plexus of ileum and 

colon, but not in the esophagus. 25
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For an appropriately functioning GABAB receptor, both GABABR1 and GABABR2 receptor subtypes 

are needed. 26 GABAB receptors produce slow prolonged inhibitory signals, and therefore agonism 

of GABAB receptors on the vago-vagal reflex arch results in a reduction of the number of TLESRs. 
24, 26 The presence of GABAB receptors in the nodose ganglion was previously demonstrated in 

rats and ferrets, as well as their presence in the brain stem of rodents and humans. 16, 24 27 Our 

study confirms the presence of both receptor subtypes in human nodose ganglion, NTS and 

DMV. In addition, we demonstrate the presence of GABAB receptors in the myenteric plexus, 

comparable to a recent study by Torashima et al. 28  These authors demonstrated that both GABAB 

receptor subtypes are present in the myenteric plexus and form heterodimers. This suggests that 

the myenteric plexus is a possible site of action of GABAB agonists, thereby contributing to the 

reduction in TLESRs. 11 

In contrast to mGluR5 receptors, GABAB receptors are highly expressed in LES-projecting neurons 

in the DMV. 24 In line with this, injection of baclofen into the DMV inhibits the firing rate of vagal 

motor neurons that are responsive to gastric distension. 29 Interestingly, the DMV is composed of 

heterogeneous neuronal subpopulations in terms of both membrane as well as pharmacological 

properties. 30 These subpopulations can further be distinguished based on their peripheral 

targets, at least in rats. 21, 30 Notably, activation of GABAB-receptors in one neuronal subpopulation 

projecting to the stomach leads to an increase in vagal excitatory cholinergic drive mediating an 

increase in rhythmic contractions, whereas activation of another neuronal subpopulation leads 

a decrease in tonic vagal drive to NANC inhibitory neurons resulting in an increase in gastric 

pressure. 30 To what extent this also applies to human remains unclear and cannot be concluded 

from our data.

Next, we evaluated the distribution of CB1 receptors, as blockade of these receptors has been 

shown to inhibit TLESRs in humans. 14 CB1 receptors have a comparable distribution and function 

as GABAB receptors. 31 Comparable to rats and ferrets, CB1 receptors were present in the human 

nodose ganglion, DMV and NTS. 31-34 Interestingly, in animals ganglionectomy or vagotomy did 

not lead to an alteration receptor expression of DMV or NTS neurons. As vagal motor neurons 

degenerate after vagotomy, these findings support an intrinsic interneuronal localization of 

immunoreactive terminals in the brainstem.34 In line with this, no staining of CB1 receptors was 

observed in dorsal motor nucleus neurons projecting to the LES and gastric fundus identified using 

retrograde labelling studies in ferrets. 32 Although we cannot directly extrapolate animal data to 

humans, these data suggest that it is questionable whether these neurons in the DMV and NTS in 

humans project to the LES.

In contrast to previous immunohistochemical evidences 34, 35, a more recent study by van Sickle 

showed that CB2 receptors are expressed in rat and ferret brainstem. 36 In line with our data in 
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humans, expression in the brain was most prominent in the DMV, although van Sickle et al report 

that the levels of CB2 were much lower compared to the spleen. Due to the high levels of CB2 

receptors in the spleen, agonism of CB2 receptors leads to immunosuppression. Therefore, this 

receptor is probably not a suitable candidate for the reduction of TLESRs in GERD. 36

GABAA induces fast synaptic ionotropic inhibition upon activation, and the receptor consists of 

various subunits. 13, 26 In contrast to GABAB receptors, no GABAAα1 were present in the myenteric 

plexus and nodose ganglion, which is comparable to the absence of these receptors in the 

periphery in dogs. 13 The lack of effect of peripherally acting GABAA antagonists on TLESR rates 

in dogs substantiates the absence of peripheral GABAA receptors on the vago-vagal reflex arch. 13 

To date, clinical studies have indeed demonstrated the favourable effect of GABAB agonism 

and mGluR5 antagonism on the number of TLESRs, reflux episodes and symptoms in humans 

compared to placebo. 9-12, 37  However, currently there are no reflux inhibitors available for clinical 

use except  baclofen, which also has sustainable side effects. 8, 15 The same holds true for mGluR5 

antagonists inducing central side effects such as dizziness and vertigo in 16% to 12% of patients. 37 

These data are in line with the profound distribution of both GABA and mGluR5 in the brain stem, 

cortex and cerebellum. Therefore, centrally acting agents are anticipated to have sustainable side 

effects, emphasizing the need for development of peripherally acting agents. In view of these 

central side effects, pharmaceutical companies have developed peripherally acting compounds. As 

shown in the present study, these receptors are abundantly present in the periphery. Futhermore, 

functional evidence has established a peripheral site of action of baclofen on GABAB receptors 

and of mGluR5 antagonists on mGlur5 receptors in gastric vagal afferents, suggesting that reflux 

inhibitors targeting these receptors may have the potential to block TLESRs. 7, 38, 39

Two strategies specifically targeting peripheral receptors can be considered: First, polarized 

compounds that do not pass the blood barrier and thus do not enter the central nervous system 

can be used. It should be emphasized though that the blood brain barrier at the level of the DMV 

and NTS is leaky and thus polarized compounds could also – at least partly – have an effect on 

receptors in this region. 40, 41 Second, targeting specific subpopulations of receptors or transporters 

could also affect the TLESR reducing properties or side effect profile of a compound. For instance, 

lesogaberan, a GABAB agonist reducing the number of TLESRs and GERD symptoms 12, is taken up 

by the GABA transporter (GAT), and is therefore sequestrated by CNS neurons leading to reduced 

intracerebral levels. 42  Baclofen however does not bind to GAT most likely explaining the finding 

that lesogaberan has fewer CNS side effects than baclofen. Still, Lesogaberan effectively reduces 

the number of TLESRs leading to a significantly better symptom relief than placebo. 12 
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Our study shows the expression of several receptors along the entire neural pathway in human 

tissue. Studies in laboratory animals are usually hard to translate to the human situation, and 

therefore conflicting results in animal and clinical studies often arise.43 however the limitation of 

our study is that the target organ of the neurons cannot be determined. To this end, anterograde 

and retrograde labelling is required which unfortunately is not feasible in humans due to ethical 

concerns. 

In conclusion, this study shows that mGluR5, GABAA,B , and CB1,2 receptors, which are the targets 

of known reflux inhibitors, are present throughout the vago-vagal reflex pathway involved 

in the triggering of TLESRs. These findings are in line with the central side effects observed 

during treatment with GABAB receptor agonists and mGluR5 antagonists, but also suggest that 

peripherally acting compounds may be effective as reflux inhibitors.

 



79

Localisation of mGlur5, GABA and cannabinoid receptors | Chapter 4

ReFeRence lIsT

1. Kahrilas PJ, Shaheen NJ, Vaezi MF. American 
Gastroenterological Association Institute 
technical review on the management 
of gastroesophageal reflux disease. 
Gastroenterology 2008;135:1392-1413, 1413.

2. Dent J, El-Serag HB, Wallander MA, Johansson 
S. Epidemiology of gastro-oesophageal reflux 
disease: a systematic review. Gut 2005;54:710-
717.

3. Dent J, Dodds WJ, Friedman RH, Sekiguchi T, 
Hogan WJ, Arndorfer RC, Petrie DJ. Mechanism 
of gastroesophageal reflux in recumbent 
asymptomatic human subjects. J Clin Invest 
1980;65:256-267.

4. Dodds WJ, Dent J, Hogan WJ, Helm JF, Hauser 
R, Patel GK, Egide MS. Mechanisms of 
gastroesophageal reflux in patients with reflux 
esophagitis. N Engl J Med 1982;307:1547-
1552.

5. Page AJ, Blackshaw LA. An in vitro study of the 
properties of vagal afferent fibres innervating 
the ferret oesophagus and stomach. J Physiol 
1998;512 ( Pt 3):907-916.

6. Mittal RK, Holloway RH, Penagini R, Blackshaw 
LA, Dent J. Transient lower esophageal 
sphincter relaxation. Gastroenterology 
1995;109:601-610.

7. Page AJ, Young RL, Martin CM, Umaerus M, 
O’Donnell TA, Cooper NJ, Coldwell JR, Hulander 
M, Mattsson JP, Lehmann A, Blackshaw LA. 
Metabotropic glutamate receptors inhibit 
mechanosensitivity in vagal sensory neurons. 
Gastroenterology 2005;128:402-410.

8. Vela MF, Tutuian R, Katz PO, Castell DO. 
Baclofen decreases acid and non-acid post-
prandial gastro-oesophageal reflux measured 
by combined multichannel intraluminal 
impedance and pH. Aliment Pharmacol Ther 
2003;17:243-251.

9. Keywood C, Wakefield M, Tack J. A proof-
of-concept study evaluating the effect 
of ADX10059, a metabotropic glutamate 
receptor-5 negative allosteric modulator, 
on acid exposure and symptoms in gastro-
oesophageal reflux disease. Gut 2009;58:1192-
1199.

10. Beaumont H, Smout A, Aanen M, Rydholm 
H, Lei A, Lehmann A, Ruth M, Boeckxstaens 
G. The GABA(B) receptor agonist AZD9343 
inhibits transient lower oesophageal sphincter 
relaxations and acid reflux in healthy 
volunteers: a phase I study. Aliment Pharmacol 
Ther 2009;30:937-946.

11. Boeckxstaens GE, Beaumont H, Mertens 
V, Denison H, Ruth M, Adler J, Silberg DG, 
Sifrim D. Effects of lesogaberan on reflux 
and lower esophageal sphincter function in 
patients with gastroesophageal reflux disease. 
Gastroenterology 2010;139:409-417.

12. Boeckxstaens GE, Beaumont H, Hatlebakk 
JG, Silberg DG, Bjorck K, Karlsson M, Denison 
H. A novel reflux inhibitor lesogaberan 
(AZD3355) as add-on treatment in patients 
with GORD with persistent reflux symptoms 
despite proton pump inhibitor therapy: a 
randomised placebo-controlled trial. Gut 2011 
Sep;60(9):1182-8.

13. Beaumont H, Jonsson-Rylander AC, Carlsson 
K, Pierrou S, Ahlefelt M, Branden L, Jensen 
J, Boeckxstaens GE, Lehmann A. The role of 
GABA(A) receptors in the control of transient 
lower oesophageal sphincter relaxations in the 
dog. Br J Pharmacol 2008;153:1195-1202.

14. Beaumont H, Jensen J, Carlsson A, Ruth M, 
Lehmann A, Boeckxstaens G. Effect of delta9-
tetrahydrocannabinol, a cannabinoid receptor 
agonist, on the triggering of transient lower 
oesophageal sphincter relaxations in dogs and 
humans. Br J Pharmacol 2009;156:153-162.



80

Part I | Gastroesophageal reflux disease

15. Koek GH, Sifrim D, Lerut T, Janssens J, Tack 
J. Effect of the GABA(B) agonist baclofen in 
patients with symptoms and duodeno-gastro-
oesophageal reflux refractory to proton pump 
inhibitors. Gut 2003;52:1397-1402.

16. Rohof W.O., Lei A., Boeckxstaens G. Effect 
of a novel metabotropic glutamate receptor 
5 antagonist (AZD2066) on transient lower 
esophageal sphincter relaxations and reflux 
episodes in healthy males. Gastroenterology 
Vol. 140, Issue 5, Supplement 1, Page S-66.

17. van Wijk MP, Benninga MA, Davidson GP, 
Haslam R, Omari TI. Small volumes of feed can 
trigger transient lower esophageal sphincter 
relaxation and gastroesophageal reflux in 
the right lateral position in infants. J Pediatr 
2010;156:744-8, 748.

18. Niedringhaus M, Jackson PG, Pearson R, Shi M, 
Dretchen K, Gillis RA, Sahibzada N. Brainstem 
sites controlling the lower esophageal 
sphincter and crural diaphragm in the ferret: 
a neuroanatomical study. Auton Neurosci 
2008;144:50-60.

19. Niedringhaus M, Jackson PG, Evans SR, 
Verbalis JG, Gillis RA, Sahibzada N. Dorsal 
motor nucleus of the vagus: a site for evoking 
simultaneous changes in crural diaphragm 
activity, lower esophageal sphincter pressure, 
and fundus tone. Am J Physiol Regul Integr 
Comp Physiol 2008;294:R121-R131.

20. Young RL, Page AJ, Cooper NJ, Frisby CL, 
Blackshaw LA. Sensory and motor innervation 
of the crural diaphragm by the vagus nerves. 
Gastroenterology 2010;138:1091-1101.

21. Browning KN, Travagli RA. Plasticity of 
vagal brainstem circuits in the control of 
gastric function. Neurogastroenterol Motil 
2010;22:1154-1163.

22. Young RL, Page AJ, O’Donnell TA, Cooper 
NJ, Blackshaw LA. Peripheral versus central 
modulation of gastric vagal pathways 
by metabotropic glutamate receptor 5. 
Am J Physiol Gastrointest Liver Physiol 
2007;292:G501-G511.

23. Frisby CL, Mattsson JP, Jensen JM, Lehmann A, 
Dent J, Blackshaw LA. Inhibition of transient 
lower esophageal sphincter relaxation and 
gastroesophageal reflux by metabotropic 
glutamate receptor ligands. Gastroenterology 
2005;129:995-1004.

24. McDermott CM, Abrahams TP, Partosoedarso 
E, Hyland N, Ekstrand J, Monroe M, Hornby 
PJ. Site of action of GABA(B) receptor for 
vagal motor control of the lower esophageal 
sphincter in ferrets and rats. Gastroenterology 
2001;120:1749-1762.

25. Nasser Y, Keenan CM, Ma AC, McCafferty 
DM, Sharkey KA. Expression of a functional 
metabotropic glutamate receptor 5 on enteric 
glia is altered in states of inflammation. Glia 
2007;55:859-872.

26. White JH, Wise A, Main MJ, Green A, Fraser 
NJ, Disney GH, Barnes AA, Emson P, Foord SM, 
Marshall FH. Heterodimerization is required 
for the formation of a functional GABA(B) 
receptor. Nature 1998;396:679-682.

27. Waldvogel HJ, Billinton A, White JH, Emson 
PC, Faull RL. Comparative cellular distribution 
of GABAA and GABAB receptors in the 
human basal ganglia: immunohistochemical 
colocalization of the alpha 1 subunit of the 
GABAA receptor, and the GABABR1 and 
GABABR2 receptor subunits. J Comp Neurol 
2004;470:339-356.

28. Torashima Y, Uezono Y, Kanaide M, Ando Y, 
Enjoji A, Kanematsu T, Taniyama K. Presence of 
GABA(B) receptors forming heterodimers with 
GABA(B1) and GABA(B2) subunits in human 
lower esophageal sphincter. J Pharmacol Sci 
2009;111:253-259.

29. Partosoedarso ER, Blackshaw LA. Selectivity 
of GABAB receptors in reducing peripheral 
and central vagal sensory transduction. 
Gastroenterology 2000;118 ed. S1:A173.

30. Browning KN, Travagli RA. Mechanism of action 
of baclofen in rat dorsal motor nucleus of the 
vagus. Am J Physiol Gastrointest Liver Physiol 
2001;280:G1106-G1113.



81

Localisation of mGlur5, GABA and cannabinoid receptors | Chapter 4

31. Tsou K, Brown S, Sanudo-Pena MC, Mackie K, 
Walker JM. Immunohistochemical distribution 
of cannabinoid CB1 receptors in the rat central 
nervous system. Neuroscience 1998;83:393-
411.

32. Partosoedarso ER, Abrahams TP, Scullion RT, 
Moerschbaecher JM, Hornby PJ. Cannabinoid1 
receptor in the dorsal vagal complex 
modulates lower oesophageal sphincter 
relaxation in ferrets. J Physiol 2003;550:149-
158.

33. Burdyga G, Varro A, Dimaline R, Thompson 
DG, Dockray GJ. Expression of cannabinoid 
CB1 receptors by vagal afferent neurons: 
kinetics and role in influencing neurochemical 
phenotype. Am J Physiol Gastrointest Liver 
Physiol 2010;299:G63-G69.

34. Van Sickle MD, Oland LD, Ho W, Hillard 
CJ, Mackie K, Davison JS, Sharkey KA. 
Cannabinoids inhibit emesis through CB1 
receptors in the brainstem of the ferret. 
Gastroenterology 2001;121:767-774.

35. Derbenev AV, Stuart TC, Smith BN. 
Cannabinoids suppress synaptic input to 
neurones of the rat dorsal motor nucleus of 
the vagus nerve. J Physiol 2004;559:923-938.

36. Van Sickle MD, Duncan M, Kingsley PJ, 
Mouihate A, Urbani P, Mackie K, Stella N, 
Makriyannis A, Piomelli D, Davison JS, Marnett 
LJ, Di M, V, Pittman QJ, Patel KD, Sharkey KA. 
Identification and functional characterization 
of brainstem cannabinoid CB2 receptors. 
Science 2005;310:329-332.

37. Zerbib F, Bruley d, V, Roman S, Tutuian R, 
Galmiche JP, Mion F, Tack J, Malfertheiner P, 
Keywood C. Randomised clinical trial: effects 
of monotherapy with ADX10059, a mGluR5 
inhibitor, on symptoms and reflux events 
in patients with gastro-oesophageal reflux 
disease. Aliment Pharmacol Ther 2011;33:911-
921.

38. Page AJ, Blackshaw LA. GABA(B) receptors 
inhibit mechanosensitivity of primary afferent 
endings. J Neurosci 1999;19:8597-8602.

39. Blackshaw LA, Smid SD, O’Donnell TA, Dent J. 
GABA(B) receptor-mediated effects on vagal 
pathways to the lower oesophageal sphincter 
and heart. Br J Pharmacol 2000;130:279-288.

40. Gross PM, Wall KM, Pang JJ, Shaver SW, 
Wainman DS. Microvascular specializations 
promoting rapid interstitial solute dispersion 
in nucleus tractus solitarius. Am J Physiol 
1990;259:R1131-R1138.

41. Cottrell GT, Ferguson AV. Sensory 
circumventricular organs: central roles in 
integrated autonomic regulation. Regul Pept 
2004;117:11-23.

42. Lehmann A, Antonsson M, Aurell-Holmberg 
A, Blackshaw LA, Branden L, Elebring 
T, Jensen J, Karrberg L, Mattsson JP, 
Nilsson K, Oja SS, Saransaari P, Unge SV. 
Differential in vitro and in vivo profiles of 
substituted 3-aminopropylphosphinate and 
3-aminopropyl(methyl)phosphinate GABA(B) 
receptor agonists as inhibitors of transient 
lower esophageal sphincter relaxation. Br J 
Pharmacol 2011 Sep 26. doi: 10.1111/j.1476-
5381.2011.01682.x. [Epub ahead of print]

43. Perel P, Roberts I, Sena E, Wheble P, Briscoe C, 
Sandercock P, Macleod M, Mignini LE, Jayaram 
P, Khan KS. Comparison of treatment effects 
between animal experiments and clinical trials: 
systematic review. BMJ 2007;334:197.

44. Aronica E, Catania MV, Geurts J, Yankaya B, 
Troost D. Immunohistochemical localization 
of group I and II metabotropic glutamate 
receptors in control and amyotrophic lateral 
sclerosis human spinal cord: upregulation 
in reactive astrocytes. Neuroscience 
2001;105:509-520.

45. Boer K, Troost D, Timmermans W, Gorter 
JA, Spliet WG, Nellist M, Jansen F, Aronica E. 
Cellular localization of metabotropic glutamate 
receptors in cortical tubers and subependymal 
giant cell tumors of tuberous sclerosis 
complex. Neuroscience 2008;156:203-215.



82

Part I | Gastroesophageal reflux disease

46. Aronica E, Redeker S, Boer K, Spliet WG, 
Van Rijen PC, Gorter JA, Troost D. Inhibitory 
networks in epilepsy-associated gangliogliomas 
and in the perilesional epileptic cortex. 
Epilepsy Res 2007;74:33-44.

47. Waldvogel HJ, Kubota Y, Fritschy J, Mohler 
H, Faull RL. Regional and cellular localisation 
of GABA(A) receptor subunits in the human 
basal ganglia: An autoradiographic and 
immunohistochemical study. J Comp Neurol 
1999;415:313-340.

48. Zurolo E, Iyer AM, Spliet WG, Van Rijen 
PC, Troost D, Gorter JA, Aronica E. CB1 
and CB2 cannabinoid receptor expression 
during development and in epileptogenic 
developmental pathologies. Neuroscience 
2010;170:28-41.


