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Despite the widespread occurrence of diseases involving
oesophageal pain, little is actually known about the
physiology of oesophageal sensory mechanisms. In the
oesophageal wall retrograde tracing studies have yielded
abundant anatomical data on the precise terminations of
afferent endings. These have been found in both muscular
and mucosal layers in animals with striated and smooth
muscle oesophagi (Hudson & Cummings, 1985; Clerc &
Condamin,
epithelium is preferentially innervated by the vagus,
whereas the muscle layers are innervated by both vagal and
splanchnic fibres (Neuhuber, 1987). Specialization of vagal
oesophageal mechanoreceptors has been seen in the distal
oesophagus of the cat, such that they form laminar endings
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A novel preparation of the oesophagus with attached vagus nerve from the ferret maintained
in vitro was used to study the properties of single vagal afferent nerve fibres with identified
receptive fields.

Recordings were made from three types of gastro-oesophageal vagal afferent fibres that were
classified on the basis of their sensitivity to mechanical stimulation. There were those
responding to mucosal stroking (mucosal receptors), to circular tension (tension receptors)
and those responding to mucosal stroking and circular tension, which we have termed
tension /mucosal (TM) receptors.

The conduction velocities for mucosal, TM and tension receptor fibres were 6:38 + 1:22 m s~

(n=22),620 + 1-49ms™ (n=13)and 5:33 +£ 0-86 m s (n= 22), respectively.

Receptive fields of afferents showed random topographical distribution by fibre type and
conduction velocity. They were found mainly distal but also occasionally proximal to the
point of vagal dissection.

Twenty-eight per cent of mucosal, 63% of TM and 43 % of tension receptors responded to
one or more drugs or chemical stimuli applied to the receptive field.

In conclusion, this experimental preparation provides evidence for the existence of three
types of oesophageal vagal afferent fibre, namely mucosal, tension and the newly identified
tension /mucosal receptors.
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studies of this kind have undoubtedly enhanced our
understanding of the function of gastrointestinal sensory
receptors, they do have a number of drawbacks. Firstly, the
exact location and modality of mechanoreceptive fields of
isolated single fibres is not easy to define in wivo. Secondly,
when examining the chemosensitivity of these sensory
receptors it is not possible to control the -effective
concentration of exogenous agents at the receptor site

1987). There is some evidence that the  whether they are applied intra-arterially or intraluminally.

This is a particular problem when the applied agent is itself
vasoactive and thereby influences its own distribution. Also,
it may be difficult to determine whether drugs evoking a
discharge in single afferents are acting directly on the fibre
ending or indirectly via changes in gastrointestinal motility

within the myenteric ganglia (Christensen, 1984). Epithelial
endings have been traced and may have twisted paths
within the mucosa, sometimes ending very close to the
lumen (Hudson & Cummings, 1985; Clerc & Condamin,
1987).

Much of our knowledge about the electrophysiology of
visceral afferents has been gained from whole animal
experiments using ‘single fibre’ recording techniques first

introduced by Paintal (1953) and Iggo (1955). Whilst in vivo

or the release of mediators from the vasculature. For this
reason, studies of oesophageal vagal afferents are mainly
confined to their sensitivity to distension (Clerc & Mei,
1983; Satchell, 1984; Sengupta et al. 1989). Reports of
oesophageal vagal afferents which are sensitive to luminally
applied chemicals are very limited (Harding & Titchen,
1975; Clerc & Mei, 1983). In order to overcome the problems
associated with in wivo preparations and to provide a
relatively simple and highly controllable preparation we
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have modified an in vitro preparation developed by Fox et
al. (1993) to allow us to study the properties of vagal
afferent fibres innervating the oesophagus. This in witro
approach also allows us to plot accurately the location of the
receptive fields along the oesophagus. In addition, the
characteristics of the fibre will enable us to determine
accurately where the receptive fields are within the
oesophageal wall, e.g. in the mucosal or muscle layer of the
gut wall.

The main purpose of the present study was to examine the
mechanical properties of oesophageal vagal afferent fibres in
vitro where stimulation can be localized to the receptive
field, and additionally to gain further insights into
oesophageal chemosensitivity. We have used a novel
preparation of the isolated oesophagus with attached vagal
nerves from the ferret, a species used recently for the study
of reflux disease (Blackshaw et al. 1998) and oesophageal
inflammation (Smid et al. 1998) and in which much is
known about the properties of vagal afferents elsewhere in
the gastrointestinal tract. A preliminary account of this
work has been published in abstract form (Blackshaw &
Page, 1995)

METHODS

General

Ferrets (04—1:0 kg body weight) were deeply anaesthetized with
sodium pentobarbitone (50 mg kg™ 1.P) and the thorax was opened
by a mid-line incision. The ferrets were then Kkilled by
exsanguination. The stomach, oesophagus with attached vagal
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nerves, heart and lungs were removed and placed in a modified
Krebs solution of the following composition (mm): NaCl, 118:1;
KCl, 4:7; NaHCO,, 25-1; Na,PO,, 1:3; MgCl, 1-2; CaCl,, 15; citric
acid, 1-0; glucose, 11+1; bubbled with 95% 0,—5% CO,. The
temperature was maintained at 4 °C during dissection to preserve
the tissue and prevent metabolic degradation. The heart, lungs and
major blood vessels were removed and the vagus nerve cleared of
connective tissue. The diaphragm was also cleared from around the
lower oesophageal sphincter. The preparation was then opened out
longitudinally along the oesophagus and greater curve of the
stomach (2 cm length of stomach) and pinned out flat, mucosa side
up, in a Perspex chamber (dimensions 13:0 cm x 4:0 cm x 1-0 cm)
and perfused at a rate of 11—12 ml min™ with Krebs bicarbonate
buffer solution maintained at 34 °C. The vagus nerve (free length
3:0 cm) was drawn through a small hole into an isolated recording
chamber (dimensions 50 cm x 5:0 cm x 1:0 cm) where it was
bathed in paraffin oil. Under a dissecting microscope a small
longitudinal incision was made in the nerve sheath. Using fine
forceps nerve fibres were teased back onto a platinum recording
electrode. Single units were discriminated on the basis of action
potential shape, duration and amplitude using a JRAK window
discriminator WD1 (Melbourne, Australia). Figure 1 illustrates the
in vitro preparation used. All studies were performed in accordance
with the guidelines of the Animal Ethics Committees of the Royal
Adelaide Hospital and Institute for Medical and Veterinary Science,
Adelaide.

Characterization of oesophageal vagal afferent properties

Location of receptive fields along the oesophagus was determined
by mechanical stimulation with either a blunt glass rod or a brush.
The size of the receptive field was determined by gently probing the
receptive field using a 1000 mg von Frey probe and measuring the
area, where a response was elicited. Mechanical thresholds were
determined using calibrated von Frey hairs. Tension response

Strain gauge and
manipulator

Krebs superfusion

—_—

Krebs aspirated

Vagal afferent single
fibre recording

Paraffin oil-filed bath

Figure 1. Schematic diagram of the apparatus used for recording single gastro-oesophageal
afferent fibres in vitro

This comprises a Perspex chamber in which the oesophagus and part of the stomach was pinned mucosa
uppermost. The vagus nerve was drawn into a second chamber where fibres were teased back onto a
recording electrode. Drugs were applied to the afferent fibre receptive field using a small cylinder. Circular
tension was applied to the tissue via a pulley system connected to a balance. The pulley system was also
used in conjunction with a force transducer to measure muscular activity. The pulley system was always
hooked to the edge of the oesophagus adjacent to the receptive field.
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curves were also obtained for each receptive field which were used
in combination with von Frey thresholds to determine whether the
receptive fields were located in the mucosa or the muscle layer of
the oesophageal wall, or both. The tension—response curves were
obtained using a pulley system connected to a balance upon which
weights were placed (Fig. 1). The pulley system was always hooked
to the edge of the oesophagus adjacent to the receptive field under
investigation.

In six additional experiments (without electrophysiological
recordings) the pulley system was connected to a sensitive force
transducer with a preload of 1 g. We were thus able to determine if
the chemical stimuli tested on afferent endings (see below) had any
effect on muscular activity, and therefore if their effect on afferent
endings could be explained by a secondary action via evoked
muscle contraction. As contractile responses to the agents were
negligible (<0-1g in amplitude), often despite ongoing phasic
contractile activity of the muscularis mucosae > 0-1 g in amplitude,
substance P (107 m) and acetylcholine (107 M) were also applied in
these additional experiments in order to stimulate more powerfully
muscular activity. Muscular responses to these agents were below
0-5¢g in amplitude which was below the threshold for tension-
sensitive fibres. It was concluded that responses of afferent endings
to chemical stimuli were not caused indirectly by induced muscular
activity, and no further attempts were made to correlate chemically
induced afferent responses with muscular activity.

Of the mechanically sensitive vagal afferent fibres recorded, fifty-
seven were characterized as myelinated or unmyelinated according
to their conduction velocity calculated from the time and distance
between a stimulating (1 Hz, 20V, 01 ms duration) electrode
placed over the receptive field and the recording electrodes.
Afferent fibres with conduction velocities below 2:0 m s (Cervero &
Sharkey, 1988) were classified as Cfibres and those less than
25 m s~ as Ad fibres. A fibres were not encountered during these
experiments. Chemosensitivity of oesophageal vagal afferents was
determined after mechanical thresholds had been established. The
chemosensitivity of oesophageal fibres was examined by applying
chemicals directly onto the mucosal surface overlying the receptive
field; agents were introduced to the receptive field by means of a
small cylindrical chamber (1 cm diameter) placed around the area
of the receptive field (Fig. 1).

A number of agents were tested for their ability to evoke discharges
in both myelinated and unmyelinated fibres. Hydrochloric acid
(256—-150 mm), 5-hydroxytryptamine (0-1 mm; 5-HT), bradykinin
(1 pm), prostaglandin E, (0-1 mm; PGE,), and capsaicin (1 mm)
were applied to the receptive fields for periods of up to 7 min. These
drugs were selected because of their possible involvement in

Figure 2. Tension—response curves of the three types of
afferent fibre in this study: mucosal receptors (A; » = 8),
TM receptors (O; » = 16), and tension receptors

@; n=13)

Increase in discharge rate above baseline is shown on the
y-axis, and applied force on the z-axis. Only tension and TM
receptors showed sigmoidal response curves. Mucosal receptors
were insensitive to graded tension. Significant differences
between mucosal and tension or TM receptors (analysed by
Mann—Whitney U test) are shown nearest each curve

(** P< 001, *** P<0:001 tension vs. mucosal receptor
responses; T P< 0-01, 11 P< 0:001 TM vs. mucosal receptor
responses).
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inflammation (i.e. oesophagitis) or because of their previously
documented effect on vagal afferents in other regions of the gastro-
intestinal tract. In all experiments the mechanical sensitivity of
receptive fields was checked between each drug application to
ensure continued viability of the unit under investigation. Further
application of other drugs did not occur if a certain drug
desensitized the receptive field to mechanical stimulation. Unless
specified, treatments did not alter mechanical sensitivity. The dose
of drug applied to the receptive field was consistent with doses used
in pharmacological studies on the gut and electrophysiological
studies on afferent fibres (Pike & Kerr, 1987; Belmonte ef al. 1991;
Mu et al. 1992; Fox et al. 1993). After removal of the drug from
around the receptive field the afferent fibres were allowed to return
to a normal baseline level of activity. Five minutes of normal
baseline activity were maintained before the addition of another
drug.

Data recording and analysis

Afferent impulses were amplified with a biological amplifier
(JRAK, BA.1) and scaling amplifier (JRAK, SA.1), filtered (JRAK
F.1 filter) and monitored using an oscilloscope (Yokogawa, DL
1200A). All data were recorded on magnetic tape and analysed oft-
line using a personal computer (Apple Macintosh IIfx).
Peristimulus—time histograms and discharge traces were displayed
using LabView software.

Drugs

Stock solutions of all drugs were kept frozen and diluted to their
final concentration in Krebs solution on the day of the experiment.
Capsaicin, bradykinin, 5-hydroxytryptamine creatinine sulphate
and prostaglandin E, were all obtained from Sigma.

RESULTS

Mechanical and biophysical properties of gastro-
oesophageal vagal afferent fibres

Three types of mechanosensitive fibre were observed using
this in vitro preparation (Figs 2 and 3): those responding to
circular tension but not to low intensity mucosal stimuli
(tension receptors, m=38), those responding only to
mucosal stroking (mucosal receptors, n=48), and those
responding to both mucosal stroking and circular tension,
which we have termed tension/mucosal (TM, n=16)
receptors. The group data for responses of each type of fibre
to graded tension are illustrated in Fig. 2. An example of
each type of fibre is illustrated in Fig. 3. Action potentials
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evoked in a TM receptor in response to mucosal stroking
with a 10 mg von Frey hair and 1 g circular tension are
illustrated in Fig.3B (inset) and demonstrate that the
responses to the two different types of stimuli are from the
same afferent fibre. Tension receptors often responded to
mucosal probing with the 200 mg von Frey hair (Fig. 30),
which was observed to distort the underlying muscular
layer.

The conduction velocities (when tested) for mucosal, TM
and tension receptor fibres were 6:384+1:22ms”
(0:4—1875ms™; n=22),6:20+ 149 m s~ (0-7-16Tm s™";
n=13) and 533+ 086 ms" (0:75-12:5ms™"; n=22),
respectively. The conduction velocities did not form a normal
Gaussian distribution. There was no significant difference in
conduction velocities between the three groups using the
non-parametric Kruskal—Wallis test. Thirty-six per cent of
mucosal receptors, 31% of TM receptors and 27% of
tension receptors were classified as C fibres. The remainder
of the fibres tested comprised Ad fibres. Mechanical
thresholds to mucosal stroking and circular tension of
C fibres and Ad fibres in each functional group of afferent is
illustrated in Fig. 4 (left-hand side). The C fibres and
Ad fibres have broadly similar sensitivity profiles within
each group. The distribution of C fibres and Ad fibres is also

A

Mucosal stimulation

Brush 1000 mg 200 mg 50 mg 10 mg

e s ol s

B

Brush 1000 mg 200 mg 50 mg 10 mg

C

Brush 1000 mg 200 mg 50 mg 10 mg
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illustrated in Fig. 4: both types appeared to have a random
distribution over the surface of the oesophagus but
predominantly distal to the point of vagal dissection (shown
on Fig. 6).

In general, mucosal receptors did not show marked resting
activity, although spontaneous  discharge
occasionally evident, as illustrated in Fig. 5. The spontaneous
activity of the mucosal receptors had no apparent rhythm
(Fig. 54), whereas some tension and TM receptors fired with
regular rhythmic activity (Fig.58 and (). In some cases
tensioning of the tissue when pinned out was found to have
induced this. TM receptors were only found in the
oesophagus and lower oesophageal sphincter and not in the
stomach.

some was

The receptive fields were 1—3 mm® in size and there was no
difference in the size between the three groups. The
distribution of all the mucosal-, TM- and tension-sensitive
afferent receptive fields is illustrated in Fig. 64, B and C,
respectively (not all were tested for conduction velocity; see
Fig. 4). Receptive fields were randomly distributed across
the oesophagus and predominantly distal to the point of
vagal dissection. Some units were found proximal to the
point of vagal dissection, suggesting that the fibres run
down as well as up the oesophagus.
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Figure 3. Typical responses of mucosal (4), TM (B) and tension (C) receptors to mucosal
stroking with calibrated von Frey hairs (left-hand panels; raw traces) and circular tension

(right-hand panels; spike frequency)

The inset in B illustrates the average spike shape of the TM unit in response to mucosal stroking with a
10 mg calibrated von Frey hair (a) and 1 g circular tension (b), showing that both responses were obtained

from the same unit.
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Chemosensitivity of gastro-oesophageal vagal
afferents

The chemosensitivity of gastro-oesophageal vagal afferents
is illustrated in Table 1 and Fig. 6. A vagal afferent fibre was
considered to be chemosensitive if' it responded to one or
more of the drugs applied to the receptive field. Twenty-
eight per cent of mucosal, 63% of TM and 43 % of tension
receptors were chemosensitive; 33% of mucosal Ad fibres
and 17% of mucosal Cfibres were chemosensitive.
Therefore, chemosensitivity of mucosal receptors occurred
relatively infrequently. Typical responses of oesophageal
mucosal receptors to chemical stimulation are illustrated in

Fig. 7.

With the low yield of chemosensitive vagal afferents it is
difficult to quantify population characteristics of time
course, reproducibility, threshold
concentration and rapidity of onset and end of response.
Therefore, these details are given in general terms grouping
the three types of afferents together. In terms of
chemosensitivity there were no obvious differences between
the three types of afferents studied, although only one
tension receptor showed chemosensitivity to more than one
stimulus. Responses of fibres to bradykinin (Fig.74)
showed a latency in the range of 20—60 s before onset. A
further minute elapsed before the maximum discharge rate

desensitization,

Gastro-oesophageal vagal afferents 911

Table 1. Summary of the proportion of gastro-oesophageal
vagal afferent fibres sensitive to the application of capsaicin
(Cap), hydrochloric acid (HCI), 5-hydroxytryptamine (5-HT),
bradykinin (BK) and prostaglandin E2 (PGE,) to the mucosal
surface directly above the afferent receptive field

Type Cap HC1 5-HT BK PGE,
(1 mm) (150 mm) (01 mm) (1 M) (01 mm)
Mucosal 6/21 3/33 3/22 2/23 3/20
™ 1/7 1/7 2/8 4/8 2/7
Tension 3/5 1/5 1/6 1/7 1/6

Numerator corresponds to number of fibres responding, and
denominator represents the number of fibres that were tested.

was reached. If a response to bradykinin occurred this
could be repeated upon a second application. The responses
stopped abruptly between 1 and 30 min after the initial
washout.

Application of 5-HT (Fig. 7 B) to the receptive field elicited a
response with onset in the range of 1-2min latency. A
maximum firing rate was obtained within the range of
3—4:5min after the application of 5-HT. The response
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Figure 4. The sensitivity (left-hand histograms) and distribution (right-hand schematics) of
mucosal (4), TM (B) and tension (C) receptors with respect to both C and Ad fibres

Two types of stimuli were employed: stroking of the receptive field with calibrated von Frey hairs
(10—1000 mg force) or graded tension using balance weights applied via a lever/pulley system (0-5-7-0 g).
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Figure 5. Spontaneous activity of a single mucosal (4), TM (B) and tension (C) receptor

The columns in D denote the interquartile range of the mucosal (n = 28), TM (n = 15) and tension (n = 22)
fibre spontaneous firing rates. The bold line within the bar is the median and for mucosal and TM units the
value was zero. The bars above the columns indicate the 95 % confidence level. The spontaneous activities of
mucosal and tension receptors were significantly different (P = 0:05; using a Mann—Whitney U test).

stopped within 1-4 min of the initial washout. The
response obtained to 5-HT was repeatable and also dose
dependent over the range 0-1-10 mm.

The latency of response after application of PGE, (Fig.7()
ranged from 1 to 4 min, with a peak discharge frequency in
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the range of 3—5 min after application of PGE,. After the
initial washout there was a gradual decrease in firing rate
such that it took 1—4 min for discharge to return to basal
levels. The latency to onset of responses to capsaicin
(Fig.7D) ranged from 30 s to 2 min, reaching a maximum
firing rate within 2—4 min of application. Washout of the
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Figure 6. Schematic distribution of single mucosal (4, »=48), TM (B, »= 16) and tension (C,
n = 38) receptive fields on the oesophagus and stomach of the ferret

Each point represents the receptive field of a single afferent fibre. @, fibres that responded to one or more
chemical stimuli; O, fibres that did not respond to any of the drugs applied to the receptive field;

O, afferents that were not tested for chemosensitivity.
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capsaicin response occurred after 10—40 min. The response
was not always repeatable and desensitization was evident
to further application of capsaicin and also to mechanical
stimulation. Some units that did not respond to capsaicin
were desensitized to
application of capsaicin.

mechanical stimulation after

In the case of HCI (Fig.7F) a range of concentrations was
applied to the receptive fields (25—150 mm). The afferents
responded to 150 mm HCI but not to lower concentrations.
On application of HCI to the mucosal surface there was a
latency of 20 s—2 min before the onset of the response. The
onset was rapid reaching a maximum firing rate within 20 s.
The response lasted between 3 and 15 min after washout.
On second application the response was either greatly
reduced or non-existent. There was also a general
desensitization to mechanical stimulation after application
of HCL
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The responses of the TM- and tension-sensitive afferents to
compounds applied to the receptive field were not secondary
to changes in muscular activity as the compounds had no
effect on recorded or observed muscular activity at the doses
applied to the afferent receptive field (data not shown).

DISCUSSION

The present study provides the first in vitro examination of
the general properties of single vagal afferent fibres
innervating the gastro-oesophageal region. Recordings were
made from Aé and C fibres which had discrete receptive
fields within the gastro-oesophageal wall. Three types of
oesophageal vagal afferent fibres were classified according to
their responses to mechanical stimulation: first, those
responsive to low intensity mucosal stimuli (10 mg) but not
to circular tension; second, those responsive to circular
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Figure 7. Typical oesophageal mucosal receptor responses to bradykinin (1 um; A4), 5-hydroxy-
tryptamine (0°1 mm; B), prostaglandin E, (01 mm; C), capsaicin (1 mm; D) and hydrochloric

acid (150 mm; E)

The top trace for each section is spike frequency and the bottom trace is raw recording of electrical activity.
The responses in this figure are not all from the same fibre.
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tension and to high intensity mucosal stimuli (2200 mg);
third, those responsive to low intensity mucosal stimuli
(10 mg) and to circular tension. Vagal afferents in the
stomach and intestine were previously found to exist in two
distinet populations: those exquisitely sensitive to muscular
contraction and distension — known as tension receptors
(Iggo, 1955; Andrews et al. 1980; Cottrell & Iggo, 1984aq;
Blackshaw et al. 1987; Blackshaw & Grundy, 1990, 19935),
and those sensitive to mucosal stimuli. There have been
many reports on mucosal sensitivity, describing afferent
responses to light stroking, inorganic and fatty acids, hypo-
and hyperosmolarity, in addition to close systemic stimuli
such as 5-hydroxytryptamine, cholecystokinin and
bradykinin (e.g. Davison, 1972; Clarke & Davison, 1978;
Cottrell & Iggo, 1984 b; Blackshaw & Grundy, 1990, 1991,
1993a,b). In addition, retrograde tracing studies have shown
terminations of vagal afferent endings in both muscular and
mucosal layers of the oesophageal wall (Hudson &
Cummings, 1985; Clerc & Condamin, 1987). The first two
types of vagal afferent fibre that we encountered (mucosal
and tension receptor afferent fibres) correspond to those
which have been previously described anatomically in the
oesophagus and electrophysiologically in the abdominal
viscera. However, the third type of afferent fibre observed
that responds to both mucosal stimulation and tension has
not been specifically documented. We have used the new
term tension/mucosal (TM) receptors to describe these fibres
based on their adequate mechanical stimuli. There are two
possible options for the position of the TM receptive field:
either there are two receptive fields, topographically
superimposed one in the mucosa, the other in the muscular
layer, or there is one receptive field interposed in the
muscularis mucosae. The spontaneous activity of some of
these units would suggest the latter as the spasmodic
rhythmic activity appears to coincide with the peak
contractions of the muscularis mucosae measured in parallel
experiments. Davison (1972) also observed a vagal afferent
fibre that appeared to be located in the muscularis mucosae
of the duodenum. In terms of mechanical sensitivity the
oesophageal TM receptors observed in this study closely
resembled Davison’s fibre.

Approximately one-third of the vagal afferent fibres whose
conduction velocities were measured were classified as
C fibres. The remainder comprised Ad fibres. The conduction
velocities seen here are similar to those reported in vivo in
species including sheep (Cottrell & Iggo, 1984a), opossum
(Sengupta et al. 1989, 1992) and ferret (Andrews & Lang,
1982). This is in contrast with other reports in rat (Clarke &
Davison, 1978; Cervero & Sharkey, 1988) and cat (Clerc &
Mei, 1983) which have shown that intestinal tension
receptors are all C fibres, or that only Ad fibres are present
in sheep (Falempin et al. 1978). There was no difference in
this ratio between the three modalities of fibre observed in
the present study. The mechanical sensitivity of the C fibres
and Ad fibres was not significantly different within the
three groups. Fox et al. (1993) showed that mechanical
thresholds of Ad fibres were significantly lower than those

J. Physiol. 512.3

of C fibres. Such a lower threshold of Ad fibres is evident in
observations of tension receptor thresholds (Fig.4() in the
eight cases reported in the present study, although data are
too few to confirm this statistically. The topographical
distribution of the Ad and C fibres we observed was random
across the oesophagus but predominantly distal to the point
of vagal dissection.

Examination of the chemosensitivity of mucosal, TM and
tension receptors showed that a proportion of all types of
fibres responded to one or more of the chemical stimuli.
Only 28% of mucosal receptors and 63 % of TM receptors
showed chemosensitivity. This was perhaps surprising as the
receptive fields of these afferents are probably on or near to
the luminal surface of the oesophagus (as evidenced by their
fine mechanical sensitivity) and therefore exposed to various
chemicals, both in terms of food ingested and also acid and
pepsin contained in refluxed gastric juice. Our initial
explanation for this infrequent sensitivity of mucosal
receptors was the inability of the drugs to reach the
receptive field due to mucous secretion or the effective
diffusion barrier of the epithelial cells. However, a tension
receptor showed similar features of chemosensitivity even
though it was probably situated much deeper within the
outer striated muscle layers of the oesophagus. Therefore it
may be concluded that a proportion of mechanically
sensitive mucosal receptors are genuinely insensitive to the
chemical stimuli tested in this study. The delay between
application of drug to the receptive field and onset of
response may be due to mucous secretion and epithelial
thickness. The range in latency to onset of response may be
due to the varying degrees of mucous secretion between
preparations. It is difficult to compare chemosensitivity with
that observed in other studies for several reasons; most
importantly, there are very few data available in the
literature, and in particular there are no studies that have
investigated chemosensitivity of oesophageal vagal afferents
in vitro. In vivo, many more mucosal afferents appear from
preliminary reports to show chemosensitivity (Harding &
Titchen, 1975) than in our in witro preparation. Other
studies have focused on the stomach and small intestine,
where a greater proportion of mucosal afferents shows
chemosensitivity than that observed in the oesophagus in
the present study (Davison, 1972; Clarke & Davison 1978;
Blackshaw & Grundy, 1990, 1991, 1993a). This is despite
the use of a similar range of stimuli. It may be argued
teleologically that the mucosal afferents within the
oesophagus do not require the same level of chemosensitivity
as the afferents within the duodenal wall in order to provide
feedback control of digestive function. Alternatively, there
may be a population of oesophageal mucosal afferents that
are exclusively chemosensitive and show no mechanical
sensitivity, which we may have overlooked due to sampling
bias. However, recruitment of extra units was never observed
after application of drugs to the area around mechano-
sensitive receptive fields, suggesting that this is not the case.

Chemosensitivity to naturally occurring substances was
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observed not only in mucosal and TM receptors, where one
might expect it, but also in one of the seven tension
receptors tested. Its response to chemicals did not appear to
be due to induced contractile responses of the musculature
because, at the doses used, chemical stimuli induced no
measurable motor response. We cannot, however, completely
exclude the possibility that there may have been small, very
localized responses of the musculature within the small area
around the receptive field to which the drugs were applied,
which may have escaped detection by our force transducer.
In healthy tissue in vivo, exposure of afferent endings in the
deeper muscular layers of the oesophagus to refluxed gastric
acid would probably be minimal due to the efficient removal
of acid diffusing across the mucosa by increases in local
blood flow. Chemosensitivity of tension receptors to acid in
vivo is therefore only likely to be of significance in patho-
physiological states. In oesophagitis, mucosal lesions are
often such that the oesophageal muscularis externa and
muscularis mucosae are directly exposed to refluxed acid.
Chemosensitivity of tension receptors to the inflammatory
mediators bradykinin, 5-HT and PGE, could be
physiologically significant under other circumstances.
Endogenous release of these substances in response to
injury may occur throughout all the layers of the gut wall,
and would not require disruption of the epithelial barrier in
vivo to allow access to afferent endings.

Direct sensitivity of afferent endings to the chemical stimuli
used in this study has been previously documented in other
regions of the gastrointestinal tract (see Cervero (1994) for
references), where their endogenous release is associated
with induction of pain or nausea. Controversy exists,
however, as to the capability of drugs such as 5-HT and
bradykinin to evoke direct responses in tension receptors.
Blackshaw & Grundy (1990, 1991, 1993b), Cottrell & Iggo
(1984 b) and Sengupta et al. (1992) all found that responses
of vagal tension receptors to drugs in vivo were secondary
to evoked smooth muscle contraction. The single tension
receptor which showed chemosensitivity in the present
study did appear to show genuine direct responses, for
reasons outlined earlier. Although this was an isolated
observation in the face of a lack of chemosensitivity in
tension receptors elsewhere in the present study and
elsewhere in the literature, it is tempting to speculate that
features of our preparation may reveal chemosensitivity in a
subset of tension receptors.

In previous studies, acute excitation of sensory fibres by
capsaicin was found to be either restricted to high-threshold
C fibres (Fox et al. 1993) or unrelated to sensory modality or
conduction velocity (e.g. Belmonte et al. 1991) as was the
case in the present study. Although the chronic degenerative
actions of capsaicin are known to be restricted mainly to
Cfibres, acute excitation by capsaicin is less predictable.
Further comparative studies on acute in vitro and in vivo
excitatory and desensitizing actions of capsaicin are
currently in progress in our laboratory (Page et al. 1998).

There was no significant difference in overall chemo-
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sensitivity between Ad and C fibres, although there was a
tendency for more mucosal Ad fibres to show chemo-
sensitivity than mucosal C fibres. An in vitro study of single
vagal afferents innervating guinea-pig airways showed that
Ad fibres never showed chemosensitivity, whereas all
Cfibres did (Fox et al. 1993). We must therefore conclude
that such a distinction between fibre types is neither organ-
nor species-specific.

In conclusion, the present study shows that properties of
gastro-oesophageal vagal afferents may be studied directly
in wvitro. The response of tension-sensitive vagal afferent
fibres to circular tension in vitro and oesophageal distension
in vivo (Clarke & Davison, 1974; Satchell, 1984; Sengupta et
al. 1989) is comparable. This suggests that the functional
response studies are not distorted by this new in wvitro
technique. The technique allows direct examination of
gastro-oesophageal sensory fibres without the problems
associated with whole-animal studies. This preparation has
also provided evidence for the existence of three types of
oesophageal vagal afferent fibres. Whereas previously there
were only thought to be mucosal and tension receptors, we
have identified a third group of afferents named TM
receptors which are sensitive to both mucosal stroking and
circular tension. Future studies are aimed at determining
changes in the physiology of these groups of fibres in a
model of oesophageal inflammation.
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