
J Physiol 577.1 (2006) pp 295–306 295

Potentiation of mouse vagal afferent mechanosensitivity
by ionotropic and metabotropic glutamate receptors
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Glutamate acts at central synapses via ionotropic (iGluR – NMDA, AMPA and kainate) and

metabotropic glutamate receptors (mGluRs). Group I mGluRs are excitatory whilst group II

and III are inhibitory. Inhibitory mGluRs also modulate peripherally the mechanosensitivity

of gastro-oesophageal vagal afferents. Here we determined the potential of excitatory GluRs

to play an opposing role in modulating vagal afferent mechanosensitivity, and investigated

expression of receptor subunit mRNA within the nodose ganglion. The responses of mouse

gastro-oesophageal vagal afferents to graded mechanical stimuli were investigated before and

during application of selective GluR ligands to their peripheral endings. Two types of vagal

afferents were tested: tension receptors, which respond to circumferential tension, and mucosal

receptors, which respond only to mucosal stroking. The selective iGluR agonists NMDA

and AMPA concentration-dependently potentiated afferent responses. Their corresponding

antagonists AP-5 and NBQX alone attenuated mechanosensory responses as did the non-selective

antagonist kynurenate. The kainate selective agonist SYM-2081 had minor effects on

mechanosensitivity, and the antagonist UBP 302 was ineffective. The mGluR5 antagonist MTEP

concentration-dependently inhibited mechanosensitivity. Efficacy of agonists and antagonists

differed on mucosal and tension receptors. We conclude that excitatory modulation of afferent

mechanosensitivity occurs mainly via NMDA, AMPA and mGlu5 receptors, and the role of

each differs according to afferent subtypes. PCR data indicated that all NMDA, kainate and

AMPA receptor subunits plus mGluR5 are expressed, and are therefore candidates for the

neuromodulation we observed.
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Glutamate is the major excitatory neurotransmitter in the
central nervous system (CNS). In addition to mediating
synaptic transmission it is also involved as a modulator
at both pre- and postsynaptic sites. CNS transmission
of vagal afferent signals in the nucleus of the tractus
solitarius is largely glutamatergic, and is tightly regulated
presynaptically via a number of glutamate receptors
(Glaum & Miller, 1992, 1993, 1995; Foley et al. 1998; Liu
et al. 1998; Chen et al. 2002). The range of glutamate
receptors in the CNS includes ionotropic (NMDA,
AMPA and kainate) receptors (iGluRs), which are ligand
gated cation channels (Bleakman & Lodge, 1998), and
metabotropic (group I, II, III) receptors (mGluRs), which
are G-protein coupled receptors (Cartmell & Schoepp,
2000). mGluRs exist as eight subtypes: Group I mGluRs
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(mGluR1 and 5) mostly cause slow depolarization due
to activation of phospholipase C. Group II (mGluR2
and 3), and group III (mGluR4, 6, 7 and 8) cause slow
hyperpolarization via inhibition of adenylate cyclase and
altered calcium and potassium currents (Schoepp et al.
1999; Cartmell & Schoepp, 2000). The three mGluR
groups were initially designated based on similarities in
their sequence and pharmacology. In addition to their
function in the CNS, recently we showed that group II
and III mGluRs modulate vagal afferents peripherally
(Page et al. 2005b). Thus glutamate and selective
group II and III agonists inhibited mechanosensitivity of
gastro-oesophageal afferent endings, whilst a group III
antagonist increased mechanosensitivity, indicating both
exogenous and endogenous sources of glutamate were able
to negatively modulate afferent endings.

Previously we had shown a similar inhibition
of gastro-oesophageal afferents by GABAB receptor
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agonists (Page & Blackshaw, 1999; Partosoedarso et al.
2001); importantly this was associated with effects
on gastro-oesophageal function in vivo (Blackshaw
et al. 1999). The triggering of transient lower
oesophageal sphincter (LOS) relaxations by gastric
distension was markedly reduced by GABAB receptor
agonists, which correspondingly reduced the incidence
of gastro-oesophageal acid reflux in ferrets, dogs and
humans, and in gastro-oesophageal reflux disease patients
(Blackshaw et al. 1999; Lehmann et al. 1999; Lidums
et al. 2000; Cange et al. 2002; van Herwaarden et al.
2002; Zhang et al. 2002). This has focused attention on
peripheral vagal afferent endings as important potential
targets for treatment of reflux disease. Similarly we found
that the inhibitory effect of group III mGluR agonists
on vagal afferents in vitro was conserved across species
(Page et al. 2005b), and it translated into an inhibition
of transient LOS relaxations in vivo (Frisby et al. 2005).
Two important observations were made in the course of
these studies on mGluRs. Firstly, the inhibitory effect of
glutamate on vagal afferents was not seen unless iGluRs
were blocked, suggesting a balance of (excitatory) iGluR
and (inhibitory) mGluR actions. Secondly, a group I
(mGluR5) antagonist potently inhibited transient LOS
relaxations, but the mechanism for this effect remained
undetermined. Therefore, although we had gained an
understanding of the regulation of vagal afferents by
inhibitory mGluRs, there remained major uninvestigated
possibilities regarding their excitatory modulation by
mGluRs and/or iGluRs.

Our aims in this study were to investigate systematically
the iGluRs that may be involved in excitatory modulation
of vagal afferents, and to determine the ability of mGluR5
to have peripheral effects by influencing vagal afferent
mechanosensitivity in vitro. We also sought to determine
if the relevant transcripts of iGluR and mGluR5 are
expressed in the nodose ganglion, which contains the cell
bodies of vagal afferents, and thus gain insight as to the
subtypes that may be involved in modulating afferent
function.

Methods

All studies were performed in accordance with the
guidelines of and with the approval of the animal ethics
committees of the Institute of Medical and Veterinary
Science and The University of Adelaide.

RT-PCR analysis of iGluR and mGluR subunit
expression in mouse nodose ganglia

Left and right nodose ganglia were removed from
five male and female C57/BL6 mice aged 7–10 weeks
after humane killing by CO2 inhalation. Ganglia were

stored in RNAlater® (Qiagen, Australia) at −20◦C and
pooled for subsequent RNA extraction. RNA was isolated
from nodose ganglia using homogenization and TRIzol
reagent (Invitrogen, Australia), followed by isopropanol
precipitation. Reverse transcription (RT) and polymerase
chain reaction (PCR) was performed using a Qiagen
one-step RT-PCR kit, with primers used as indicated
in Table 1. RT-PCR reactions were performed using an
alpha unit block (MJ Research, Waltham, MA, USA)
attached to a PTC-200 Peltier thermal cycler (MJ Research,
Waltham, MA, USA). Standard protocols were followed for
reverse transcription, initial PCR activation, denaturing,
annealing and extension as per the manufacturer’s
instructions. Control PCRs were performed by sub-
stituting RNA template with RNase-free water. Amplified
products were resolved by 1.5–3% agarose gel electro-
phoresis in parallel with molecular mass markers and
visualized via ethidium bromide staining.

In vitro mouse gastro-oesophageal vagal
afferent preparation

Male and female C57/BL6 mice aged 7–10 weeks were
killed by CO2 inhalation. The stomach, oesophagus with
attached vagal nerves, heart and lungs were removed and
placed in a modified Krebs’ solution of the following
compostion (mm): 118.1 NaCl, 4.7 KCl, 25.1 NaHCO3,
1.3 NaH2PO4, 1.2 MgSO4.7H2O, 1.5 CaCl2 1.0
citric acid, 11.1 glucose bubbled with 95% O2–5%
CO2. The temperature was maintained at 4◦C during
dissection to prevent metabolic degradation. After further
dissection the preparation was opened longitudinally
along the oesophagus and greater curvature of the
stomach whilst keeping the vagus nerves intact and
removing connective tissue from them. The tissue was
pinned out flat mucosa side up in a Perspex chamber
(dimensions 6 cm × 2.5 cm × 1.2 cm) lined with Sylgard
(Dow Corning) and perfused at a rate of 12 ml min−1

with carbogenated Krebs–bicarbonate buffer solution
maintained at 34◦C. The dorsal part of the stomach
was removed in order that the tissue could be pinned
out flat against the edge of the chamber adjacent to the
nerve recording chamber. The nerves were extended into
a separate chamber where a sliding wall with a mouse
hole was able to separate the two chambers. The second
chamber was 3.7 cm in diameter and 1.2 cm deep. The
nerves were then bathed in paraffin oil and laid on a small
glass platform. Under a dissecting microscope the nerve
sheath was removed revealing the underlying nerve trunk.
Fine forceps were used to tease apart the nerve trunk
into 8–12 small bundles, and then one by one the nerve
bundles were placed onto platinum recording electrodes.
A reference electrode rested on the mirror surface in the
bath in a small pool of Krebs’ solution.
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Table 1. Nucleotide primer sequences for RT-PCR identification of ionotropic receptor
subunit and mGluR5 transcripts

Receptor Sequence Predicted product
size (bp)

GluR1 Fwd: GGACCACAGAGGAAGGCATGATC 358
Rev: CAGTCCCAGCCCTCCAATC

GluR2 Fwd: TGTGTTTGTGAGGACTACGGCA 226
Rev: GGATTCTTTGCCACCTTCATTC

GluR3 Fwd: GCAGAGCCATCTGTGTTTGTGAGTT 472
Rev: AGTTTTGGGTGTTCTTTGTGAGTT

GluR4 Fwd: GCAGAGCCGTCTGTGTTCACTAG 220
Rev: CGGCAAGGTTTACAGGAGTTCTT

GluR5 Fwd: GCCCCTCTCACCATCACGTAT 358
Rev: TGGTCGATAGAGCCTTGGGCA

GluR6 Fwd: TTCCTGAATCCTCTCTCCCCT 259
Rev: CACCAAATGCCTCCCACTATC

GluR7 Fwd: GCAGAGTCAGGCCTGCTGGA 300
Rev: ACTCCACACCCCGACCTTCT

KA1 Fwd: CCCATCGAGTCTGTGGATGA 434
Rev: CTGTGGTCCTCCTCCTTGGG

NMDAR1 Fwd: GCTGTACCTGCTGGACCGCT 210
Rev: GCAGTGTAGGAAGCCACTATGATC

NR2A Fwd: GCTACGGGCAGACAGAGAAG 257
Rev: GTGGTTGTCATCTGGCTCAC

NR2B Fwd: GCTACAACACCCACGAGAAGAG 314
Rev: GAGAGGGTCCACGCTTTCC

NR2C Fwd: AACCACACCTTCAGCAGCG 464
Rev: GACTTCTTGCCCTTGGTGAG

NR2D Fwd: CGATGGCGTCTGGAATGG 265
Rev: AGATGAAAACTGTGACGGCG

NR3A Fwd: CCGCGGGATGCCCTACTGTTC 417
Rev: CCAGTTGTTCATGGTCAGGAT

mGluR5 Fwd: GTCCTTCTGTTGATCCTGTC 118
Rev: ATGCAGCATGGCCTCCACTC

β-ACTIN Fwd: ATCATGTTTGAGACCTTCAACAC 830
Rev: TCTGCGCAAGTTAGGTTTTGTC

Characterization of gastro-oesophageal vagal
afferent properties

Location of all types of vagal afferents along the
oesophagus and stomach was determined by mechanical
stimulation throughout the preparation with a brush,
then more accurately with a fine calibrated von Frey hair.
Accurate quantification of mechanical responsiveness
varied according to the fibre type, as we have previously
described (Page et al. 2002, 2004, 2005a,b). Mucosal
receptors showed rapidly adapting responses to
maintained pressure over the receptive field with a
von Frey hair, but not to circumferential tension. The
most reproducible stimulus-dependent response of these
afferents to mucosal stimuli was evoked when the probe
was moved at a rate of 5 mm s−1 rather than being

stationary. A single test at each intensity of calibrated von
Frey hair is prone to error due to the small size of the
receptive field, and we therefore minimized experimental
error by measuring the mean response to 10 standard
strokes given at 1 s intervals, omitting the first and last
from analysis because of increased associated error. The
von Frey hairs are bent so an even force was applied to
the receptive field for an entire stroke. This protocol was
found to give highly reproducible data and was therefore
used to assess the effects of GluR ligands on vagal afferents.
Tension–response curves were also obtained for afferent
fibres responsive to circular tension. Tension receptors
were responsive to circular stretch and von Frey stroking,
but were distinguished from mucosal receptors by their
clear responsiveness to circular tension, which was slowly
adapting. Tension stimuli were applied using a cantilever
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and claw system. Tension was applied via a thread attached
to an unpinned point adjacent to the mechanoreceptive
field. The thread was attached to the cantilever via a pulley
and calibrated weights were applied for 1 min periods
with 1 min rest in between weight applications. The
response was measured as the mean discharge evoked,
and subsequent responses during drug exposure are
expressed as the percentage of the maximum control
response (without drug addition), so that increases and
decreases in responsiveness may be directly compared.
Tension stimulus response relationships were assessed by
applying weights to the cantilever system in the range of
1–5 g.

Effects of GluR agonists and antagonists on
mechanical sensitivity of vagal afferents

After mechanical sensitivity of gastro-oesophageal vagal
afferents had been established, the effects of various
agonists and antagonists on mechanical sensitivity were
determined. Kynurenate (10−7–10−5

m) was added to the
superfusing Krebs’ solution, and was allowed to equilibrate
for 20 min, after which the stimulus–response curves
were re-established. The agonists N-methyl d-aspartate
(NMDA) (10−7–10−5

m), α-amino-3-hydroxy-5-methyl-
isoxazole-4-propionate (AMPA; 10−5–10−4

m), and (25,
4R)-4-methylglutomic acid (SYM-2081; 10−6–10−5

m)
were added to the superfusion solution. The
antagonists d(−)-2-amino-5-phosphono-pentanoic acid
(AP-5) (10−6–10−5

m), 1,2,3,4-tetrahydro-6-nitro-2,3-
dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX)
(10−9–10−8

m) and (s)-1-(2-amino-2-carboxyethyl)-
2-(2-carboxybenzyl)pyrimidine-2,4-dione (UBP 302;
10−7–10−5

m) were added to a ring placed on the
preparation over the receptive field. Concentrations
used were based on published potencies (Wilding &
Huettner, 1996; Bleakman & Lodge, 1998; Bleakman et al.
1999; Yamakura & Shimoji, 1999; Lynch & Guttmann,
2001; Cosford et al. 2003). The non-selective iGluR
antagonist kynurenate was tested at concentrations
of 10−7–10−4

m in three pilot experiments which
demonstrated concentration-dependent effects and
ultimately complete abolition of firing; ranges around
the estimated EC50 were subsequently chosen for this
study. Drug addition to the ring was followed by a
10 min equilibration period before stimulus response
curves were once again established immediately after
removal of the ring. Equilibration periods were necessary
for complete penetration of the drug into all layers of
the tissue. Preliminary data indicated that effects of
drugs were maintained for approximately 10 min after
removal of the ring. Time control experiments (n = 10)
showed there was no significant change in mechanical
responses over a comparable time period. Five of nine
experiments involving NMDA were performed in the

absence of nifedipine and all other experiments were
performed in the presence of nifedipine (10−6

m), in order
to limit the effects of drugs secondary to smooth muscle
responses. Three additional experiments were performed
using suspended circular-orientated rings to investigate
length–tension relationships. No change in these were seen
with any of the agonists used at maximum concentration.
Also no effect was seen on smooth muscle responses
to electrical field stimulation in separate experiments
(M.E. O’Callaghan, unpublished observations). Statistical
analysis of the electrophysiological stimulus–response
curves was by two-way analysis of variance unless
otherwise indicated, where P < 0.05 is considered
significant.

Data recording and analysis

Afferent impulses were amplified with a biological
amplifier (DAM 50; World Precision Instruments,
Sarasota, FL, USA), filtered (Band pass filter-932; CWE
Inc., Ardmore, PA, USA) and monitored using an
oscilloscope (DL 1200A, Yokogawa, Tokyo). Single units
were discriminated on the basis of action potential shape,
duration and amplitude using Spike software (Cambridge
Electronic Design, Cambridge, UK).

Drugs

Stock solutions of all drugs were kept frozen and diluted
to their final concentrations in Krebs’ solution on the
day of the experiment. NMDA, AP-5, NBQX, UBP 302
and SYM-2081 were all obtained from Tocris (Tocris,
Bristol, UK). MTEP was obtained from Astrazeneca
(Astrazeneca, Molndal, Sweden) and kynurenate and
AMPA were obtained from Sigma (Sigma, Castle Hill,
NSW, Australia).

Results

Expression of glutamate receptor subunits in vagal
(nodose) afferents

We were able to identify the expression of a number
of transcripts corresponding to iGluR subunits and
mGluR5 in mouse nodose ganglia. Electrophoresis
of PCR amplification products revealed single bands,
corresponding to the predicted sizes of all of the NMDA
receptor subunits investigated (NMDAR1, NR2A, NR2B,
NR2C, NR2D and NR3A; Fig. 1A). RT-PCR also revealed
the expression of all AMPA receptor subunits (GluR1,
GluR2, GluR3 and GluR4; Fig. 1B) and all kainate receptor
subunits (KA1, GluR5, GluR6 and GluR7: Fig. 1C).
Expression of mGluR5 was also evident (Fig. 1D) in mouse
nodose ganglion.
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Electrophysiological studies

To determine the role of peripheral iGluR and mGluR in
regulating mechanosensitivity, we examined the responses
of single afferent fibres using an in vitro gastro-oesophageal
vagal afferent recording preparation. The effects of specific
agonists and antagonists directed at iGluR and mGluR are
illustrated in Figs 2–6. Single afferent fibres were classified
into mucosal or tension receptors depending on their
response to mechanical stimulation. All afferent endings

Figure 1. Detection by RT-PCR of iGluR and mGluR subunits in mouse nodose ganglion
A, all six NMDA receptor subunits (NMDAR1, NR2A-D, NR3A) were detected with the correct product size for the
target. B, all subunits of the AMPA receptor, GluR1–4, were detected, with strong signals for GluR2 and GluR4. C,
all subunits of the kainate receptor (KA1, GluR5–7) were detected, along with mGluR5 (D). See Table 1 for primers
used to detect GluR subtypes.

were located in the distal oesophagus or on the lower
oesophageal sphincter. Increasing forces of von Frey hair
stroking (10–1000 mg) applied to the mucosa excited
both mucosal and tension receptors in a graded manner;
however, mucosal receptors were distinct from tension
receptors in that they were unresponsive to circumferential
tension (Page et al. 2002). Tension receptors elicited a
graded increase in the number of action potentials in
response to applied load (1–5 g).
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Effects of non-selective iGluR blockade on vagal
afferents

The effect of kynurenate on mouse mucosal and tension
receptor responses to mechanical stimulation is illustrated
in Fig. 2. Kynurenate (10−7–10−6

m) significantly inhibited
mechanosensitivity of both mucosal and tension receptors
in a concentration-dependent manner with maximal
effects at 10−6

m (P < 0.001). These data prompted further
investigation of the role of endogenous glutamate at
subtypes of ionotropic glutamate receptors.

Effects of NMDA receptor ligands on vagal afferents

The effect of the NMDA receptor agonist NMDA on mouse
mucosal and tension receptor responses to mechanical
stimulation is illustrated in Fig. 3A and B. NMDA
10−9–10−7

m had no significant effect on sensitivity
of tension receptors to applied load although a trend
for potentiation of afferent sensitivity was observed. In
individual cases where NMDA caused a clear increase
in sensitivity of tension receptors, original responses
were restored after 10 min washout, possibly suggesting
subgroups of responders and non-responders. These may
be comparable to two populations of tension-responsive
fibres we found in ferrets which showed differing
pharmacology (Page et al. 2005b). Effects of NMDA on
responses to tension were similar to their responses to
local stimulation with von Frey hairs in two additional
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Figure 2. The effect of kynurenate on mouse
gastro-oesophageal vagal afferents
Stimulus–response functions of mucosal (A, n = 5) and
tension receptors (B, n = 6) to mucosal stroking and
circumferential tension, respectively. The responses are
before (•) and after exposure to kynurenate (0.1 μM

( �), 0.3 μM (�) and 1 μM (�)). Asterisks indicate
significant difference from control using a two-way
ANOVA (∗∗∗P < 0.001). C, original recording of a
mucosal receptor response to mucosal stroking with a
200 mg von Frey hair before (a) and after (b) exposure
to kynurenate (1 μM). D, original recording of a tension
receptor response to circumferential tension using a 4 g
weight before (a) and after (b) exposure to kynurenate
(1 μM).

experiments (data not shown). NMDA significantly
potentiated mucosal receptor responses to mucosal
stroking (P < 0.001, Fig. 3B). These effects of NMDA were
also reversible upon washout with normal Krebs’ solution.
A subset of experiments observing the effect of NMDA
on mechanical sensitivity of afferents was performed in
the absence of nifedipine, but all remaining experiments
were performed with nifedipine (10−6

m) in the
superfusing Krebs solution in order to block smooth
muscle contraction. Effects of NMDA were unaffected by
this treatment indicating likelihood of a direct effect of the
drug at nerve endings.

The effects of the competitive NMDA receptor
AP-5 on mucosal and tension receptor sensitivity to
mechanical stimulation is illustrated in Fig. 3C and
D. AP-5 (10−6–10−5

m) significantly and concentration-
dependently reduced the responses of mucosal receptors
to mucosal stroking (P < 0.001) and responses of tension
receptors to circumferential tension (P < 0.001).

Effects of AMPA/kainate receptor ligands
on vagal afferents

The effect of the selective agonist AMPA on mouse mucosal
and tension receptors is illustrated in Fig. 4A and B. AMPA
(10−5–10−4

m; P < 0.001) concentration-dependently and
significantly increased the response of mucosal receptors
to mucosal stroking. AMPA at this concentration range
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Figure 3. The effect of NMDA and AP-5 on
mouse gastro-oesophageal vagal afferents
Stimulus–response functions of mucosal (A,
n = 6) and tension receptors (B, n = 9) to
mucosal stroking and circumferential tension,
respectively. The responses are before (•) and
after exposure to NMDA (0.1 μM ( �), 1 μM (�)
and 10 μM (�)). Stimulus–response functions of
mucosal (C, n = 5) and tension receptors (D,
n = 6) before (•) and after exposure to AP-5
(1 μM (�) and 10 μM (�)). Asterisks indicate
significant difference from control using a
two-way ANOVA (∗∗P < 0.01, ∗∗∗P < 0.001).

also significantly (P < 0.001) increased the response
of tension receptors to circumferential tension. The
effect of AMPA was completely reversed on wash-out
and baseline mechanosensitivity returned. Selective
kainate receptor agonism with SYM-2081 at doses
effective in other systems (10−6–10−5

m; Bleakman
et al. 1999) had no effect on sensitivity of tension

receptor responses to circular tension, but potentiated
slightly the responses of mucosal receptors (Fig. 5A and B).
The kainate receptor antagonist UBP 302 (10−7–10−5

m)
had no effect on either afferent type (Fig. 5C and D). The
AMPA/kainate receptor antagonist NBQX (10−9–10−8

m,
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Figure 4. The effect of AMPA and NBQX on
mouse gastro-oesophageal vagal afferents
Stimulus–response functions of mucosal (A,
n = 5) and tension receptors (A, n = 7) to
mucosal stroking and circumferential tension,
respectively. The responses are before (•) and
after exposure to AMPA (10 μM ( �), 30 μM (�)
and 100 μM (�)). Stimulus–response functions
of mucosal (C, n = 4) and tension receptors (D,
n = 5) before (•) and after exposure to NBQX
(1 nM ( �), 3 nM (�) and 10 nM (�)). Asterisks
indicate significant difference from control
using a two-way ANOVA (∗∗∗P < 0.001).

Fig. 4C and D)significantly reduced the response of
tension receptorsto circumferential tension (P < 0.0001),
but not that of mucosal receptors to von Frey hairs.

Effects of mGluR5 antagonist on vagal afferents

The effects of the selective mGluR5 antagonist
MTEP on mouse mucosal and tension receptors
is illustrated in Figs 5A and B. 3-[(2-Methyl-1,3-
thiazol-4-yl)ethynyl]-pyridine (MTEP; 10−6–3 × 10−5

m)
significantly inhibited sensitivity of mucosal receptors
to mucosal stroking (10–1000 mg; P < 0.01 at
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Figure 5. The effect of SYM 2081 and UBP
302 on mouse gastro-oesophageal vagal
afferents
Stimulus–response functions of mucosal (A,
n = 5) and tension receptors (B, n = 5) to
mucosal stroking and circumferential tension,
respectively. The responses are before (•) and
after exposure to SYM 2081 (1 μM ( �), 3 μM

(�) and 10 μM (�)). Stimulus–response
functions of mucosal (C, n = 5) and tension
receptors (D, n = 5) before (•) and after
exposure to UBP 302 (0.1 μM ( �), 1 μM (�) and
10 μM (�)). Asterisks indicate significant
difference from control using a two-way
ANOVA (∗∗∗P < 0.05).

3 × 10−5
m). MTEP (10−6–3 × 10−5

m) also significantly

inhibited mechanical sensitivity of tension receptors to
circumferential tension in a concentration-dependent
manner (P < 0.0001 all concentrations). Therefore the
potency of MTEP on mucosal receptors appeared less than
on tension receptors because significance was only seen at
the highest concentration applied (3 × 10−5

m, P < 0.01).

Discussion

A number of conceptual advances arise from the findings
of this study. First our data indicate that mainly two classes
of iGluR – AMPA and NMDA – plus mGluR5 are involved
in the peripheral excitatory modulation of vagal afferent
mechanosensitivity. These peripheral glutamatergic effects
are in addition to the established role of glutamate in
the synaptic transfer of mechano- and chemosensitive
input from gastrointestinal vagal afferents to the CNS.
Second, in addition to augmentation of mechano-
sensitivity by iGluR agonists, we showed inhibition of
mechanosensitivity by iGluR antagonists, indicating that
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Figure 6. The effect of MTEP on mouse
gastro-oesophageal vagal afferents
Stimulus-response functions of mucosal (A;
n = 9) and tension receptors (B; n = 5) to
mucosal stroking and circumferential tension,
respectively. The responses are before (•) and
after exposure to MTEP (1 μM ( �), 3 μM (�),
10 μM (�) and 30 μM (�)). Asterisks indicate
significant difference from control using a
two-way ANOVA (∗∗P < 0.01; ∗∗∗P < 0.001).

endogenous glutamate is most likely involved in peripheral
modulation. Third, our previous study using a similar
approach demonstrated inhibitory modulation of vagal
afferent mechanical sensitivity via group III mGluRs (Page
et al. 2005b). Together with the findings of the present
study it therefore emerges that there is a counter-balance
of excitatory and inhibitory influences of glutamate,
involving mainly AMPA, NMDA and mGlu5 receptors
in excitation and group II and III mGluRs in inhibition.
Fourth, although our pharmacological investigation of
excitatory modulation in this study clearly demonstrated
involvement of NMDA, AMPA and mGluR5 receptors,
it did not provide evidence for a major role of kainate
receptors, despite the fact that kainate receptor mRNAs are
expressed in the nodose ganglion. Therefore expression of
a receptor by vagal afferents is not necessarily correlated
with a functional role. Fifth, our data demonstrate that
each receptor has a slightly different functional role on
the two different subtypes of primary afferents. Sixth,
our findings on MTEP provide evidence that its potent
inhibitory effect on triggering of transient LOS relaxation
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after gastric distension may be mediated peripherally. This
would suggest a peripheral site for therapeutic intervention
in gastro-oesophageal reflux disease. Finally, our findings
on iGluR indicate a role for these receptors in the vagal
system similar to their role in the spinal innervation of the
colon, where it is already evident that they may underlie
behavioural responses to colonic distension. Each of the
above concepts is specifically addressed below.

Peripheral role for excitatory glutamate receptors

Excitatory glutamate receptors are expressed in the caudal
brainstem with iGluRs in particular being implicated in
the signalling of gastric distension, in swallowing, transient
lower oesophageal sphincter relaxations, emetic signalling,
and satiety (Berthoud & Neuhuber, 2000; Partosoedarso
& Blackshaw, 2000; Furukawa et al. 2001; Lehmann &
Branden, 2001), suggesting a role specifically in afferent
transmission from the periphery to the CNS, particularly
in areas of gastro-oesophageal vagal afferent terminations
in the NTS. The present study indicates their role in
peripheral modulation of vagal afferent signalling may
be just as important as their role at central sites. Our
data in mouse complement and extend those of previous
studies in ferret and rat, which suggested excitatory actions
of glutamate on vagal afferents (Sengupta et al. 2004;
Page et al. 2005b), although guinea pig afferent endings
in contrast lack functional receptors for glutamate and
GABA (Zagorodnyuk et al. 2002, 2003). Our data are
compatible with the observation that glutamate receptors
undergo bidirectional axonal transport in both central
and peripheral branches of the vagus nerve (Cincotta
et al. 1989). Expression of mGluR and subtypes of iGluR
has been demonstrated in vagal afferent cell bodies of
several species with transportation of receptors towards
peripheral endings (Shigemoto et al. 1992; Hay et al. 2000;
Hoang & Hay, 2001; Chang et al. 2003; Page et al. 2005b),
suggesting a peripheral function. Glutamate receptors are
also expressed and function in peripheral terminals of
sensory spinal afferents innervating the skin (Coggeshall
& Carlton, 1998; deGroot et al. 2000; Carlton, 2001;
Carlton et al. 2001), and may be involved in hyperalgesia
associated with inflammation (Carlton & Coggeshall,
1999; Du et al. 2001). NMDA receptors have been
implicated in signalling painful distension of the colon,
as peripheral administration of an ionotropic receptor
antagonist, memantine, caused a reduction in afferent and
behavioural responses to colorectal distension (McRoberts
et al. 2001). However memantine is a non-selective ligand
and may have effects other than at NMDA receptors.

Positive and negative modulation
of mechanosensitivity by glutamate

Our previous in vitro experiments in ferret indicated
there may be a balance of excitatory and inhibitory

glutamatergic control of mechanosensitivity in which
glutamate simultaneously activates both iGluRs and
mGluRs (Page et al. 2005b). There was no effect of
glutamate in the absence of drug, but in the presence of
the non-selective iGluR antagonist kynurenate, a potent
inhibitory effect of glutamate was revealed that was
mimicked by selective group II and group III mGluR
agonists. In vivo observations in the rat indicated similarly
that iGluR may be involved in excitatory modulation of
vagal afferents (Sengupta et al. 2004). It remained to
be determined which subtypes of iGluR were involved
and the potential for involvement of excitatory group I
mGluRs remained undetermined. The observations of our
present and previous studies clearly indicate a balance
in control of vagal afferent mechanosensitivity with
group II and III mGluRs mediating ongoing inhibition
and iGluRs plus mGluR5 mediating potentiation. More
specifically, effects of the selective agonists and antagonists
for the AMPA, NMDA and kainate receptors on vagal
afferent mechanosensitivity suggest AMPA and NMDA
receptors are mainly involved in the excitatory side of
the balance, and kainate receptors appear to play a minor
role.

Endogenous glutamate plays a role in modulation
of vagal afferents

The inhibitory effects of iGluR and mGluR selective
antagonists on mechanosensitivity indicate the removal of
a tonic stimulation, and therefore an endogenous action
of glutamate. The question arises as to the likely source of
endogenous glutamate. We speculate that vagal afferents
are themselves likely to be responsible for the release
of glutamate both centrally, as well as in the periphery.
Glutamate is detected in approximately 60% of nodose
ganglion cells and on vagal afferent fibres originating
from the nodose ganglion (Schaffar et al. 1997). The
peripheral endings of vagal afferents contain the vesicular
glutamate transporter VGLUT2 (Raab & Neuhuber, 2003),
which is also widespread in the enteric nervous system
(Kirchgessner, 2001) and is necessary for glutamate release.
There are several possible sources of glutamate other than
vagal afferents but in close proximity to their endings such
as contracting muscle and from the diet – both luminal
and circulating (Graham et al. 2000). The effects of excess
endogenous glutamate in our study may account for the
lack of effect of NMDA on tension receptor mechano-
sensitivity, in contrast with the potent inhibition of
mechanosensitivity by an NMDA receptor antagonist. An
excess of endogenous glutamate may also explain why a
kainate receptor agonist had little effect in this study and
why a group I mGluR agonist had no effect in our previous
study (Page et al. 2005b). On the other hand, endogenous
activation of AMPA receptors may be surmountable by
exogenous AMPA.
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Glutamate receptor subtypes have varying effects
on subtypes of primary afferents

Selective agonists and antagonists to iGluR receptors and
mGluR5 receptors were effective on responses of both
tension sensitive and mucosal receptors to mechanical
stimulation. Whilst ligands generally had highly potent
effects on vagal afferents, there was some discrepancy
in the effectiveness of ligands on tension or mucosal
receptors. For example NMDA was more potent on
mucosal receptors, and MTEP was more potent on tension
receptors, suggesting that NMDA receptors may be more
highly expressed by mucosal receptor cell bodies, and
mGluR5 may be expressed more by tension receptors,
although localization of receptors on individual afferent
populations ending in different layers of gut has not yet
been feasible.

All subtypes of GluR are expressed
in nodose ganglion

Expression of mRNA encoding all mGluRs and some
subtypes of iGluR in nodose ganglia has been
demonstrated in several species (Shigemoto et al.
1992; Hoang & Hay, 2001; Chang et al. 2003; Page et al.
2005b). This study confirms expression in mouse of
all iGluR subunits and mGluR5, which from previous
observations in ferret we expect to be transported
to peripheral endings. All NMDA receptors function
as heteromeric assemblies composed of two NR1
subunits conjugated with two or three NR2 or NR3
subunits. A particular subunit composition in afferent
fibres is probably important for both nociception and
mechanical sensitivity as subunit composition may
alter conductance, affinity for glutamate, magnesium
block and calcium permeability (Carlton, 2001;
Marvizon et al. 2002). Two types of NMDA receptors
are suggested to occur in sensory neurones, those
expressing an NR1 subunit conjugated with NR2B
subunits, which are present in both A and C
fibres, and those conjugated with NR2D subunits,
present only in A fibres. Although this study confirmed
the expression of all NMDA receptor subunits, how they
assemble in individual vagal afferent neurones is difficult
to determine with available methods.

This study provided evidence of expression of all
subunits of AMPA receptors in the mouse nodose ganglion,
which provides a molecular correlate of the functional
effects of the AMPA agonist and antagonist. Although all
AMPA receptor subunits are not required for full function
of the receptor, it is often found that all are expressed in a
given brain region (Bleakman & Lodge, 1998).

All subtypes of kainate receptors were expressed in the
nodose ganglion; however, there was evidence for only
a relatively minor functional role on gastro-oesophageal
vagal afferent endings. It is therefore possible that

most kainate receptors are expressed more abundantly
on afferents innervating regions other that stomach
and oesophagus. Our results may also suggest that
whilst receptor transcripts may be expressed in the
nodose ganglion, their protein products may exhibit poor
functional coupling on peripheral vagal afferent endings.

Actions on vagal afferents may underlie
the potential therapeutic effects of mGluR5
antagonists in reflux disease

We have shown that mGluR5 antagonists inhibit triggering
of transient LOS relaxations by gastric distension in
conscious ferret and dog models (Frisby et al. 2005;
Jensen et al. 2005). This inhibition was shown to be
associated with inhibition of gastro-oesophageal reflux,
demonstrating the potential for therapeutic intervention
with mGluR5 in treatment of gastro-oesophageal reflux
disease. An important question raised by these findings
was whether effects of MTEP were mediated peripherally
or centrally. The data from the present study indicate
that at least part of the effect is mediated peripherally by
reducing sensitivity of gastro-oesophageal vagal afferents
to distension. Peripherally directed treatments are an
attractive option for gastro-oesophageal reflux disease
owing to the reduced likelihood of CNS side-effects, which
are likely to be associated with antagonism of mGlu5
receptors in the CNS (Frisby et al. 2005; Jensen et al. 2005).
The results of this study therefore provide a good rationale
for the development of peripherally restricted mGluR5
antagonists.

Roles for glutamate receptors in the vagal and spinal
sensory system

Anatomical studies in skin have provided evidence for
expression of GluR on afferent endings, including mGluR5
and NMDA receptors (Carlton et al. 1995, 2001; Coggeshall
& Carlton, 1998; Bhave et al. 2001; Carlton, 2001).
Functional studies indicate these receptors may be involved
in controlling excitability in a way similar to the one shown
here for vagal afferents. Thus peripherally applied agonists
increase and antagonists decrease either the responsiveness
of afferent fibres or the behavioural response of the animal
to mechanical stimuli. A similar finding was made in
viscera, in which the non-selective ionotropic antagonist
memantine reduced afferent and behavioural responses
to colorectal distension (McRoberts et al. 2001). It is not
yet known what role is played by each major subtype of
GluR in spinal afferents or if there are opposing influences
of positively and negatively coupled receptors. Therefore
it is possible that there are many similarities between
vagal and spinal afferents in the actions of glutamate. An
interesting discrepancy between vagal and spinal afferents,
however, is the presence of VGLUT2 in vagal cell bodies and
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endings (Tong et al. 2001; Raab & Neuhuber, 2003), which
was not seen in their dorsal root ganglion counterparts
(Morris et al. 2005), and may in turn suggest a greater role
for activation of glutamate autoreceptors on vagal afferents
than on spinal afferents.

In conclusion, this study in conjunction with a previous
one from our group, has completed a comprehensive
characterization of the influence of all major GluR
subtypes on vagal afferent mechanosensitivity. There
is clearly scope for both excitatory and inhibitory
modulation of afferent sensitivity by glutamate from both
exogenous and endogenous sources, providing a balance
to achieve normal vagal afferent function. This balance is
clearly possible to manipulate pharmacologically. How it
may be altered in disease states we hope will be the subject
of our continuing investigations.
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