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1 GABAB receptors in¯uencing vagal pathways to the lower oesophageal sphincter and heart were
investigated.

2 In urethane-anaesthetized ferrets, the GABAB agonist baclofen (7 mmol kg71 i.v.) increased basal
lower oesophageal sphincter (LOS) pressure. This was reversed by antagonism with CGP35348
(100 mmol kg71 i.v.). Baclofen's e�ect was abolished by vagotomy, suggesting a central action, yet it
was ine�ective when given centrally (3 ± 6 nmol i.c.v.).

3 Peripheral vagal stimulation (10 Hz, 5 s duration) caused LOS inhibition, followed by excitation,
then prolonged inhibition. Bradycardia was also evoked during stimulation. Bradycardia and LOS
responses were abolished after chronic supranodose vagotomy, indicating that they were due to
stimulation of vagal pre-ganglionic neurones, not antidromic stimulation of a�erents.

4 Baclofen (1 ± 10 mmol kg71) reduced bradycardia and enhanced LOS excitation, which was also
seen in animals pretreated with atropine (400 mg kg71 i.v.) and guanethidine (5 mg kg71 i.v.), but
not in those pretreated with L-NAME (100 mg kg71 i.v.).

5 E�ects of baclofen (7 mmol kg71 i.v.) on vagal stimulation-induced LOS and cardiac responses
were unchanged by the GABAB antagonists CGP35348 or CGP36742 (up to 112 mmol kg71 i.v.),
but were reversed by CGP62349 (ED50 37 nmol kg71 i.v.) or CGP54626 (ED50 100 nmol kg71 i.v.).

6 Responses of isolated LOS strips to electrical stimulation, capsaicin, NK-1, NK-2 and nicotinic
receptor agonists were all una�ected by baclofen (4200 mM).

7 We conclude that baclofen reduces vagal output at two peripheral sites: one presynaptically on
pre-ganglionic neurones (CGP35348-insensitive), and another (CGP35348-sensitive) that could not
be identi®ed. This demonstrates heterogeneity of GABAB receptors through di�erential sensitivity to
antagonists.
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Introduction

g-Amino butyric acid (GABA) is the major inhibitory
transmitter in the central nervous system, for which there are
three major subtypes of receptor: A, B and C. GABAB

receptors are coupled via G-proteins and are present at many
sites within the central and peripheral nervous systems. In
particular, they are abundant pre-synaptically on vagal

a�erent terminals in the dorsal medulla oblongata (Bowery
& Pratt, 1992), although they also mediate slow post-synaptic
inhibition in the nucleus tractus solitarius (Brooks et al., 1992).
GABAA and GABAC receptors, on the other hand are located

mainly post-synaptically, and are coupled directly to chloride
channels. GABAA receptors are found both peripherally and
centrally (Ashworth Preece et al., 1997; Bowery et al., 1984),

whereas GABAC receptors are found mainly in the retina (Pan
& Lipton, 1995). GABAB receptor agonists have been shown
to exert inhibitory e�ects on transmitter release in vagal nuclei

(Brooks et al., 1992), and thereby to inhibit respiratory
(Trippenbach, 1995), cardiovascular (Silva Carvalho et al.,
1995) and gastrointestinal (Andrews et al., 1987) vagal re¯exes.
Peripheral e�ects on transmitter release from extrinsic nerves

have also been shown in the airways (Belvisi et al., 1989), and
from intrinsic nerves in the small intestine (Kleinrok &
Kilbinger, 1983). The latter has become a useful tool in

determining the activity of compounds at the GABAB receptor
(Ong et al., 1994).

Our group has recently demonstrated that GABAB receptor

agonists powerfully inhibit transient relaxations of the lower
oesophageal sphincter (LOS) in conscious ferrets (Blackshaw
et al., 1999). Transient LOS relaxations are the primary cause
of gastro-oesophageal acid re¯ux in humans and other species

including ferrets (Blackshaw et al., 1998; Mittal et al., 1995),
and are therefore a pivotal target in development of new
therapeutic strategies for gastro-oesophageal re¯ux disease.

One of the barriers to further understanding of the mechanism
of transient LOS relaxations is their absence in anaesthetized
animals. It is believed that transient LOS relaxations are

mediated via a vagal pathway and co-ordinated with other
events by a central pattern generator (Mittal et al., 1995). We
aimed to investigate GABAB receptors in this system by
analysis of individual elements of the vagal pathway thought

to be involved in transient LOS relaxations. This was
undertaken by drug intervention at di�erent points in the
peripheral and central motor pathways. These points were: in

the brainstem, peripherally at a presynaptic site on the vagal
motor out¯ow, and postsynaptically in the enteric nervous*Author for correspondence; E-mail: ablacksh@mail.rah.sa.gov.au
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system. The use of the ferret model in all of these areas has
recently been established in our laboratory (Blackshaw et al.,
1997; Lingenfelser et al., 1997; Smid et al., 1998a,b).

Methods

General surgical procedures

In vivo experiments were performed on 97 male and female

ferrets (weight range 0.5 ± 1.1 kg) anaesthetized with a single
intraperitoneal dose of Urethane (1.5 g kg71 i.p.; n=49), or
sodium pentobarbitone (50 mg kg71 i.p.; n=48). A su�cient

depth of anaesthesia was checked by regular con®rmation of
abolition of the hindlimb pinch-withdrawal re¯ex. Prior to
experiments ferrets were fed a standard carnivore diet with free

access to water but were deprived of food for 18 h. A tracheal
cannula was inserted and the right jugular vein cannulated for
administration of antagonist drugs and further anaesthetic as
required to maintain depth of anaesthesia. In half the

experiments the vagi were kept intact, and in the other half
they were dissected free of the carotid arteries, ligated and
sectioned at the beginning of experiments. The left or right

vagus was placed over a pair of platinum stimulating
electrodes during subsequent stimulation. At other times, the
nerves were kept in their original position in situ and moistened

with warm isotonic NaCl. The left carotid artery was
cannulated for monitoring of systemic blood pressure, which
remained above 100 mmHg (mean) for the duration of

experiments. In twenty experiments a 0.50 mm o.d. intracer-
ebroventricular catheter was introduced via a small hole in the
atlanto-occipital membrane and ®xed with cyanoacrylate
adhesive so that the tip lay at the opening of the 4th ventricle.

This was used for central application of saline, baclofen and
CGP35348. The position of the catheter was veri®ed by
dissection post mortem and its patency by aspiration of minute

amounts of cerebrospinal ¯uid. Rectal temperature was
maintained at 38+0.58C with a warming pad. Animals were
killed at the end of the experiment with an overdose of

urethane or sodium pentobarbitone.

Manometric technique

A 5-lumen micromanometric assembly was fed down the
oesophagus via the mouth and positioned during abdominal
surgery so that the tip lay within the stomach. The manometric

assembly consisted of a gastric pressure monitoring port, an
oesophageal pressure port, and an oesophageal drainage
channel to drain accumulated perfusion ¯uid. LOS pressure

was recorded by a miniaturized sleeve sensor 2.5 cm
long61.4 mm wide. Total diameter of the assembly was
2.5 ± 3 mm. The sleeve sensor was positioned astride the LOS

by a slow pull-through from within the stomach so that the
high pressure zone was monitored and adjacent side-holes
recorded gastric and oesophageal body pressures. In this
position, the midpoint of the sleeve lay between 17 and 22 cm

from the incisors. Catheter location was con®rmed post
mortem. Manometric channels of the assembly were perfused
with degassed distilled water at 0.1 ml min71 per channel,

which was su�cient for accurate recordings of intraluminal
pressures (Blackshaw et al., 1997). For continuous drainage of
manometric assembly perfusion ¯uid a cannula (2.5 mm OD)

was inserted into the gastric corpus via the pylorus after a small
laparotomy. Intraluminal and arterial pressures were displayed
on an 8-channel Rikadenki RK8 chart recorder. Manometric
signals were also fed into an Apple Macintosh computer ®tted

with a NBMIO16 A-D card (National Instruments), digitized
at 0.1 s intervals and stored on hard disk. Data acquisition and
subsequent o�-line analysis of motility data was performed

with MAD software (Royal Adelaide Hospital/C. Malbert),
based on National Instruments' LabView.

Experimental protocols

General procedures Initially, before assessment of responses
or baseline parameters, at least 10 min were allowed for any

re¯exes triggered by placement of the manometric assembly to
subside. An equilibration period of 5 ± 15 min was allowed
after each stimulus, or after administration of a treatment, in

order that a steady basal level of sphincter pressure was
reached before further tests, unless the acute e�ects of the
treatment were under investigation. The di�erent series of

experiments described below were performed in di�erent
groups of animals unless speci®ed otherwise.

Experiments on basal LOS pressure In eight urethane-

anaesthetized ferrets, the left vagus nerve was sectioned at the
beginning of the experiment during recording of LOS pressure.
This had no e�ect on basal LOS pressure as previously

reported (Blackshaw et al., 1997). The e�ect of baclofen
(7 mmol kg71 i.v.) on basal LOS pressure was then observed,
followed by the e�ect of CGP35348 (100 mmol kg71 i.v.). In 11

additional urethane-anaesthetized animals also used for
evaluation of vagal stimulation e�ects (described below), both
vagi were sectioned at the start of experiments. E�ects of

baclofen and CGP35348 on basal LOS pressure were then
observed. In four barbiturate-anaesthetized ferrets the vagi
remained intact throughout experiments and data acquired on
e�ects of GABAB receptor ligands on basal LOS pressure.

E�ects of muscimol on basal LOS pressure were observed in
six experiments under barbiturate anaesthesia in which
vagotomy was performed at the beginning. These were also

used to evaluate e�ects on LOS responses to burst vagal
stimulation (see below for methods).

Experiments on vagal stimulation e�ects: (a) Burst stimulation
In ®ve urethane-anaesthetized ferrets, after bilateral vagotomy,
the e�ects of increasing doses of baclofen (1 ± 10 mmol kg71

i.v.) on LOS responses to burst peripheral vagal stimulation

(10 Hz, 0.5 ms pulses, 20 V, 5 s duration) were investigated. In
separate series of experiments, after the e�ect of a standard
dose of baclofen (7 mmol kg71 i.v.) on the response to vagal

stimulation had been established, the reversal of its e�ect by
di�erent GABAB receptor antagonists was studied: CGP35348
(a single dose of 100 mmol kg71 i.v.; n=11±mentioned in

Experiments on basal LOS pressure above); CGP36742 (7 ±
112 mmol kg71 cumulatively i.v.; n=6); CGP54626
(70 nmol73 mmol kg71 cumulatively i.v.; n=11) or CGP62349

(7 nmol ± 700 nmol kg71 cumulatively i.v.; n=7). Urethane
was used as the anaesthetic in experiments on CGP35348 and
CGP36742, and barbiturate anaesthesia was used in later
experiments on CGP54626 and CGP62349 according to

occupational health considerations. The lack of in¯uence of
the type of anaesthetic on the e�ects of drugs on the response
to vagal stimulation was con®rmed speci®cally in two extra

experiments in which the opposite anaesthetic/antagonist
combinations to those above were used.

As far as fatigue of responses or time-dependent e�ects are

concerned, we have previously demonstrated no change in the
response to vagal stimulation over a similar time-course to
these experiments (Blackshaw et al., 1997), indicating that
changes in response that occurred after drug treatment were
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not attributable to fatigue in the response. Therefore, time
controls were not performed in the present study.

In three experiments in bilaterally vagotomized animals,

before treatment with baclofen, the nitric oxide synthase
inhibitor L-nitro arginine methyl ester (L-NAME,
100 mg kg71 i.v.) was administered and its e�ects on the
response to vagal stimulation observed as reported previously

(Blackshaw et al., 1997). Subsequently the e�ect of baclofen
(7 mmol kg71 i.v.) on the response was observed. A further six
experiments in unilaterally vagotomized animals evaluated the

e�ects of pretreatment with atropine (400 mg kg71 i.v.) and
guanethidine (5 mg kg71 i.v.) on the response to vagal
stimulation before treatment with baclofen (7 mmol kg71

i.v.). These experiments were performed after unilateral
vagotomy prior to drug treatment because the experiments
were originally aimed to investigate parallel drug e�ects on

basal LOS pressure in vagally innervated LOS. They were not
repeated in bilaterally vagotomized animals for ethical reasons
of animal usage.

(b) Prolonged stimulation Instead of administering treat-
ments between episodes of vagal stimulation, in six urethane-
anaesthetized vagotomized ferrets, the e�ects of drug

administration were measured when given after 5 min of a
15 min period of continuous low frequency vagal stimulation
(0.25 ± 0.5 Hz, 0.5 ms pulses, 20 V) in order to evaluate

peripheral e�ects of drugs on vagal tone. The frequency of
vagal stimulation was tailored for each of these studies by
adjustment in a preliminary test so that it resulted in a

maintained LOS pressure approximately 50% of pre-stimula-
tion basal LOS pressure. This allowed evaluation of inhibitory
or excitatory e�ects of drugs on vagal tone. Baclofen
(7 mmol kg71 i.v.) was given during the ®rst period. At least

30 min after the end of the ®rst period, another 15 min of
vagal stimulation was given at the same frequency, during
which CGP35348 (100 mmol kg71 i.v.) was administered.

Experiments on central drug e�ects In six animals anaes-
thetized with urethane and 14 animals anaesthetized with

barbiturate, baclofen was administered centrally through an
i.c.v. cannula in increments of 1 nmol up to a total dose of 3 ±
6 nmol, which was su�cient to cause a signi®cant drop in
mean systemic blood pressure. This was followed by treatment

with 100 nmol CGP35348 i.c.v. which restored blood pressure;
its concomitant e�ects on basal LOS pressure were observed.
Injection of appropriate volumes of saline vehicle had no e�ect

on LOS pressure or arterial pressure in these experiments.
After central drug treatments, systemic baclofen (7 mmol kg71

i.v.) and CGP35348 (100 mmol kg71 i.v.) were given, which

had similar e�ects to those reported in Results under the
corresponding anaesthetic; these are not illustrated.

Supranodose vagotomy studies In two ferrets, the contribu-
tion of e�ects of baclofen on transmitter release from
orthodromically stimulated e�erent and antidromically stimu-
lated a�erent endings was determined. Vagal pre-ganglionic

connections from the brainstem to the viscera were severed
selectively by chronically sectioning the nerve above the
nodose ganglion. This procedure is designed to leave intact

only a�erent ®bres, whose cell bodies are in the nodose
ganglion. Ferrets were anaesthetized with Halothane (2.5 ± 4%
in oxygen by inhalation). The nodose ganglion was accessed

via a ventral approach after a midline cervical incision under
aseptic conditions. The ganglion and vagus nerve were
dissected away from the adjacent carotid artery and mobilised
over a length of approximately 5 mm. The vagus was cut at

least 2 mm rostral to the ganglion, after which it could be
freely re¯ected caudally, con®rming that all central connec-
tions were severed. The incision was closed with interrupted

sutures and animals allowed to recover, after which unilateral
Horner's syndrome was seen, indicative of the completeness of
section. Experiments (without drug treatments) on LOS and
cardiac responses to vagal stimulation were then performed 1

week later under barbiturate anaesthesia, using the unoperated
vagus as a control. This period was observed to allow su�cient
time for axons of medullary vagal neurones to degenerate

(Berthoud & Powley, 1992). That vagal a�erents remained
viable was veri®ed after manometric studies by electrophysio-
logical recordings of cervical a�erent ®bres, which con®rmed

survival of single vagal a�erent units with receptive ®elds
corresponding to baroreceptors, gastric mechanoreceptors and
gastric mucosal receptors, which responded with excitation of

discharge to ventricular systole, gastric distension, or close
intra-arterial cholecystokinin injection respectively, as de-
scribed previously e.g. Blackshaw & Grundy (1990) ± see also
for details of electrophysiological methods.

In vitro experiments on LOS muscle strips Strips were
obtained from seven ferrets in addition to those reported

above that were killed by exsanguination under deep
anaesthesia (sodium pentobarbitone, 60 mg kg71 i.p.). The
oesophagus, LOS and proximal stomach were removed and

placed in ice-cold Krebs solution bubbled with carbogen
(95% O2, 5% CO2). The region encompassing the gastro-
oesophageal junction was located after careful dissection and

a band of circular muscle dissected and divided to give two
muscle strips per ferret. All muscle strips (1 ± 2 mm wide,
5 mm long) were placed in 10 ml water-jacketed organ baths
containing carbogenated Krebs solution at 378C of the

following composition (mM): NaCl 118, NaHCO3 25, KCl
4.6, MgSO4 1.2, NaH2PO4 1.3, glucose 11, CaCl2 2.5. One
end of the tissue was fastened to a support while the other

was attached to an isometric force transducer (FTO3, Grass,
Quincy, MA, U.S.A.). A pair of platinum electrodes on
either side of the tissue support was used for electrical ®eld

stimulation (EFS). Each strip was placed under an initial
tension of 2 g and left to equilibrate for 60 min. In previous
studies, this tension corresponded to a degree of tissue
stretch of approximately 200% of the initial resting length of

the muscle strip, and was within the optimal range for
mechanical performance of the tissue. Only muscle strips
from the gastro-esophageal junction developed a stable

spontaneous tension at rest and exhibited a typical
relaxation pro®le in response to EFS as described in our
previous studies (Smid et al., 1998a,b).

Electrical ®eld stimulation was delivered via rectangular
wave pulses from a stimulator (S48, Grass Instruments,
Quincy, MA, U.S.A.), with 3 min intervals between each

stimulus. Responses of a maximum of 14 muscle strips to
EFS (1 ± 5 Hz, 50 V, 1 ms for 5 s), DMPP (nicotinic agonist;
1075

M), capsaicin (1076
M) and [Sar9, Met (O2)

11]-substance
P (NK-1 receptor-selective agonist; 1079 ± 1076

M), were

measured and recorded onto hard disk using Labview-based
software (MAD, Charles Malbert). EFS, DMPP, capsaicin
and [Sar9, Met (O2)

11]-substance P-induced LOS responses

were compared alone and in the presence of baclofen
(3.1075 ± 2.1074

M). All experiments were performed in the
presence of atropine (1076

M) and guanethidine (3.1076
M).

A non-cumulative dosing protocol showed that there was no
tachyphylaxis in the responses following repeated adminis-
tration of [Sar9, Met (O2)

11]-substance P in the ferret LOS.
The response to capsaicin was consistently reduced upon
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repeated administration, indicating desensitization. This
reduction in response was avoided by the use of only one
dose per experiment and allowing long intervals between

administration (2 ± 3 h), repeated washouts and periodic
substance P administration (1078

M every 30 min over 2 ±
3 h). Administration of the capsaicin vehicle (see Drugs)
alone in an equivalent dilution did not alter basal LOS tone.

Only one dose of DMPP was used also because of
desensitization that occurs with multiple doses.

Data analysis

Unless otherwise stated, sphincter pressure in vivo was assessed

as the di�erence between recorded values of LOS pressure and
gastric pressure at end-expiration. Basal LOS pressure was
measured as the mean end-expiratory pressure over 1 min

before and upon stabilization after treatments. Contractile
responses to nerve stimulation were expressed as the peak
height of contraction above the minimum sphincter pressure
during the response. This was done because contraction

occurred between two inhibitory phases of the response, and
the peak was often below basal LOS pressure. Gastric pressure
responses to nerve stimulation were not evaluated as the

gastric pressure recording was used only as a reference for
basal LOS pressure.

Chart speed was increased from 50 to 250 mm min71 for

observation of the e�ects of vagal stimulation on heart rate
only in experiments on peripheral vagal stimulation in which
this was speci®cally investigated. Analysis of heart rate

responses was performed by visual inspection of chart recorder
traces. Heart rate was measured over 2.5 s immediately before
and for 2.5 s during the maximum e�ect of a 5 s burst of vagal
stimulation. In order to minimize the e�ects of inter-animal

variation, the responses are expressed as the percentage change
relative to baseline.

Basal tension in LOS strips is expressed as the total tension

developed after equilibration, and responses to drugs or EFS
as percentage reduction of the value relative to zero. Statistical
signi®cance of di�erences between responses was assessed by

paired Student's t-test in the case of one treatment, by repeated
measures ANOVA in the case of two or more treatments, and
by two-way ANOVA in the case of comparison of stimulus-
response curves. Data are expressed as mean+s.e.mean, with

n=number of animals.

Drugs

Drugs were prepared in isotonic saline solution. Maximum
intravenous drug injection volume was 1 ml and maximum

i.c.v. injection volume was 20 ml. The following drugs were
used for in vivo experiments: L-NAME, guanethidine sulphate,
urethane, (Sigma), CGP35348, CGP36742, CGP54626,

CGP62349 (gifts from AstraZeneca R&D, MoÈ lndal, Sweden),
atropine sulphate (Astra). (+)-Baclofen was obtained from
Research Biochemicals International (Natick, MA, U.S.A.).
CGP62349 is a pure stereoisomer: 3-[(1R)-1-[[(2S)-2-hydroxy-

3-[hydroxy[ (4 -methoxyphenyl)methyl]phosphinyl]propyl]ami-
no]ethyl] benzoic acid. The compound henceforth referred to
in this paper was in fact a diastereomeric mixture of this

compound and 3-[(1S)-1-[[(2S)-2-hydroxy-3-[hydroxy[(4-meth-
oxyphenyl)methyl]phosphinyl]propyl]amino]ethyl] benzoic
acid. For muscle strip studies, [Sar9, Met (O2)

11]-substance P

and b-Ala8 neurokinin A [4-10] were obtained from Auspep
(Melbourne, Australia). Atropine sulphate, 1,1-dimethyl-4-
phenylpiperazinium iodide (DMPP), capsaicin and guanethi-
dine sulphate were obtained from Sigma-Aldrich (Sydney,

Australia). All drugs were dissolved in saline, except for
capsaicin, which was dissolved in saline, ethanol and Tween 80
(8 : 1 : 1 by volume, respectively).

Ethics

All procedures in this study were performed within the

guidelines for animal experimentation of the Institute for
Medical and Veterinary Science, Adelaide, and approval for
experiments granted by the Animal Ethics Committee of this

institution.

Results

Basal LOS pressure

Under urethane anaesthesia, vagally intact animals showed
levels of basal LOS pressure similar to those we have reported
previously (Blackshaw et al., 1997). This was una�ected upon

section of the left cervical vagus, but was signi®cantly
increased following complete bilateral vagal section (Figure
1). In intact barbiturate-anaesthetized ferrets, levels of basal

LOS pressure were signi®cantly higher than with urethane
(Figure 1), and showed little or no change following bilateral
vagotomy (data not illustrated). Baclofen (7 mmol kg71 i.v.)

increased basal LOS pressure only in urethane-anaesthetized
animals with an intact vagus. This e�ect was reversible with the
GABAB receptor antagonist CGP35348 (100 mmol kg71 i.v.;

Figure 1). The GABAA receptor agonist muscimol at a dose of
0.15 mmol kg71 had no maintained e�ect on basal LOS
pressure in six ferrets; there was an initial reduction of
50+8% which returned to baseline in 1.1+0.2 min. Higher

doses of muscimol (up to 1.5 mmol kg71 i.v.) induced
profound hypotension, but little change was seen in the e�ect
on LOS pressure (data not shown).

In order to determine if baclofen's action on basal LOS
pressure was central or peripheral, the drug was administered
(3 ± 6 nmol) into the fourth ventricle in a separate series of

experiments. It had no e�ect on LOS pressure in either
urethane- or barbiturate-anaesthetized ferrets (Figure 2), and
yet signi®cantly reduced arterial pressure under both anaes-
thetics (125+8 mmHg before, 87+9 mmHg after baclofen,

P50.01 ± urethane data; 139+4 mmHg before, 113+7 mmHg
after baclofen, P50.01 ± barbiturate data). These e�ects were
reversible with CGP35348 (100 nmol kg71 i.c.v.)

Figure 1 E�ects of GABAB receptor ligands on basal LOS pressure
(LOSP). This was evaluated in separate series of experiments in
urethane-anaesthetized ferrets with one intact vagus nerve (left graph,
n=8), in urethane-anaesthetized ferrets following bilateral cervical
vagotomy (centre graph, n=11), and in vagally intact barbiturate
anaesthetized ferrets (right graph, n=4). Baclofen (7 mmol kg71 i.v.)
signi®cantly increased basal LOS pressure (**P50.01) only in
urethane-anaesthetized `intact' ferrets. This e�ect was reversible with
the selective GABAB receptor antagonist CGP35348 (100 mmol kg71

i.v. *P50.05).
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(120+4 mmHg, P50.05 ± urethane data; 149+4 mmHg,
P50.001 ± barbiturate data).

LOS and cardiac responses to peripheral vagal
stimulation

Having established from observations described above that an

intact vagal pathway was necessary for the e�ect of
systemically administered baclofen on basal LOS pressure, we
further investigated the e�ect of baclofen on peripheral vagal

output after vagotomy by restoring it arti®cially through
electrical vagal stimulation. This was done either in bursts (2 ±
10 Hz, 20 V, 0.5 ms pulses, 5 s duration), or as a prolonged,

low frequency background (0.25 ± 0.5 Hz, 20 V, 0.5 ms pulses,
15 min duration), the latter being designed to mimic the
spontaneous discharge in vagal e�erent ®bres, and the former
to mimic bursts of vagal discharge that may induce profound

relaxation during, for example, swallowing. Baclofen had
reproducible e�ects on LOS responses to both stimulation
paradigms as described below, whereas muscimol

(0.15 mmol kg71 i.v.) was without any e�ect on the response
to 5 or 10 Hz burst vagal stimulation (27.3+4.0 mmHg
contraction before, 26.9+1.7 mmHg contraction after; n=6;

data for 10 Hz, 5 s duration).

Burst vagal stimulation-e�ects on LOS Figure 3A shows a

typical response of the LOS to burst vagal stimulation, the
details of which have been reported previously (Blackshaw et
al., 1997). The response is triphasic, with an initial drop in
LOS pressure during stimulation, followed by a frequency-

dependent (Figure 3B, P=0.001 2-way ANOVA) increase
still during stimulation, followed by a prolonged reduction
usually to zero (gastric pressure) which returned to basal

levels over several minutes. Although baclofen often a�ected
the later recovery phase (as seen in Figure 3), this was not
consistent. It did, on the other hand, have a highly

consistent and signi®cant e�ect on the contractile phase of
the response. This enhancement of LOS contraction was
seen at all frequencies of stimulation and was dose-

dependent from 1 ± 10 mmol kg71 (Figure 3B, P50.01, 2-
way ANOVA). Under conditions of adrenergic and
cholinergic blockade achieved by treatment with atropine
(400 mg kg71 i.v.) and guanethidine (5 mg kg71 i.v.),

baclofen (7 mmol kg71 i.v.) still enhanced slightly but
signi®cantly the LOS contractile response (Figure 3C,
P50.05). Thus an e�ect on inhibitory NANC pathways to

the LOS was likely, and this was con®rmed with the nitric
oxide synthase inhibitor L-NAME. L-NAME potently
increased the contractile phase of the response as described

previously (Blackshaw et al., 1997), after which baclofen had

no e�ect (Figure 3D). Although data are shown only for
10 Hz stimulation, this lack of e�ect of baclofen was seen
also at 5 Hz, after which smaller contractions occurred.

From the e�ects of baclofen on basal LOS pressure
described earlier, we expected that the vagal stimulation-
induced responses would be reversible by CGP35348. This

antagonist (100 mmol kg71 i.v.) had no e�ect on the
enhancement of LOS contraction by baclofen (Figure 4).
Another GABAB receptor antagonist CGP36742 was there-

fore tested in a separate series of experiments, but this was
also ine�ective in reversing baclofen's e�ect at a range of
doses up to 112 mmol kg71 at two stimulation frequencies (5
and 10 Hz). On the other hand, the selective GABAB

antagonists CGP62349 and CGP54626 reversed the e�ects

Figure 2 E�ects of intracerebroventricular (i.c.v.) administration of
GABAB receptor ligands on basal LOS pressure (LOSP) in ferrets
anaesthetized with barbiturate or urethane. Neither baclofen (3 ±
6 nmol i.c.v.) nor subsequent CGP35348 (100 nmol i.c.v.) had any
e�ect on basal LOS pressure.

Figure 3 Original recordings showing LOS response to a burst of
vagal stimulation (0.5 ms pulses, 20 V, 10 Hz, 5 s duration) before (i)
and after (ii) treatment with baclofen (10 mmol kg71 i.v.). Basal LOS
pressure is una�ected, but the excitatory phase of the response is
enhanced. In this example, baclofen also reveals a more rapid
recovery of LOS pressure after the later, inhibitory phase of the
response. Respiratory movements are superimposed on the LOS trace
in both recordings. (B) Dose- and frequency-dependence of the e�ect
of baclofen on the second (excitatory) phase of the response (2 ±
10 Hz, 0 ± 10 mmol kg71 i.v.) in bilaterally vagotomized animals.
Both stimulation frequency and drug dosage e�ects were signi®cant
(P50.001 and P50.01 respectively). (C) E�ect of atropine
(400 mg kg71 i.v.) and guanethidine (5 mg kg71 i.v.) ±NANC
control ± on the LOS contractile response to vagal stimulation
(0.5 ms pulses, 20 V, 10 Hz, 5 s duration) in unilaterally vagotomized
animals. Baclofen (7 mmol kg71 i.v.) administered subsequently
signi®cantly enhanced the response (*P50.05) as seen in untreated
animals (B). (D) E�ect of L-NAME (100 mg kg71) on the LOS
contractile response to vagal stimulation (0.5 ms pulses, 20 V, 10 Hz,
5 s duration) in bilaterally vagotomized animals. Baclofen
(7 mmol kg71 i.v.) administered subsequently had no further e�ect
in three experiments.
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of baclofen, with mean ED50's of 37 and 100 nmol kg71

respectively.
A week after supranodose vagotomy in two ferrets,

stimulation of the operated cervical vagus (up to 50 V, 50 Hz)
had no e�ect on LOS pressure, heart rate or blood pressure,
whereas stimulation of the intact vagus had similar e�ects to

those reported in unoperated animals. We con®rmed that
a�erent neurones were viable in these preparations by
electrophysiological recordings of single vagal a�erent ®bres

which revealed baroreceptors, gastric mechanoreceptors and
mucosal receptors which responded with excitation of
discharge to ventricular systole, gastric distension, or close
intra-arterial cholecystokinin respectively, as described pre-

viously e.g. (Blackshaw & Grundy, 1990).

Burst vagal stimulation-e�ects on heart rate Along with the
e�ects of vagal stimulation on LOS pressure described

above, there was a concomitant bradycardia which was
measured in experiments conducted speci®cally for this
purpose using rapid chart recorder paper speeds. This

occurred only during the period of stimulation, and was
frequency-dependent (Figure 5). Bradycardia was signi®-
cantly reduced by baclofen. Baclofen had no e�ects on
resting heart rate (data not illustrated). Baclofen's e�ect on

the bradycardia response to vagal stimulation was una�ected
by CGP36742, but was reversed by CGP62349 or CGP54626
(Figure 5) in a similar way to the e�ects on LOS responses

described above. Data were not recorded for e�ects of
CGP35348.

Prolonged vagal stimulation-e�ects on LOS Figure 6 shows
the mean LOS and blood pressure responses to prolonged
vagal stimulation. LOS pressure showed a rapid reduction
upon commencement of the period of stimulation which was

maintained for the 5 min before administration of baclofen.
Baclofen (7 mmol kg71 i.v.) caused a signi®cant (P=0.01)
increase in LOS pressure during stimulation, but had only a

brief e�ect on blood pressure in the ®rst minute post-baclofen.

Figure 4 E�ects of four di�erent GABAB receptor antagonists
(CGP35348 100 mmol kg71, CGP36742 7 ± 112 mmol kg71,
CGP62349 7 ± 700 nmol kg71 and CGP54626 70 nmol ±
3 mmol kg71) on the baclofen (7 mmol kg71 i.v.)-induced change in
LOS contraction after vagal stimulation (PVS, 0.5 ms pulses, 20 V, 5
and 10 Hz, 5 s duration). The increase in response after baclofen was
unchanged by CGP35348 or CGP36742, but was potently antag-
onized by CGP62349 or CGP54626 (mean ED50s 37 and
100 nmol kg71 respectively).

Figure 5 E�ects of three di�erent GABAB receptor antagonists
(CGP36742 7 ± 112 mmol kg71, CGP62349 7 ± 700 nmol kg71 and
CGP54626 70 nmol ± 3 mmol kg71 i.v.) on the baclofen (7 mmol kg71

i.v.) induced change in bradycardia after vagal stimulation (PVS,
0.5 ms pulses, 20 V, 5 and 10 Hz, 5 s duration). A similar
pharmacological pro®le was seen to e�ects on LOS responses
illustrated in Figure 4.
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At the end of the period of vagal stimulation, LOS pressure
returned to similar levels to those observed before stimulation.
In a subsequent period of vagal stimulation, CGP35348
(100 mmol kg71 i.v.) had no e�ect on LOS pressure, but

enhanced blood pressure signi®cantly (P=0.01). This e�ect on
blood pressure was maintained beyond the period of
stimulation, and was seen also in other experiments in which

the drug was given without vagal stimulation (data not
illustrated).

Isolated LOS strip responses to NK-1 and nicotinic receptor
agonists, ®eld stimulation and capsaicin Isolated LOS muscle
strips responded to electrical ®eld stimulation with pure
inhibition (Figure 7A). The NK-1 receptor agonist [Sar9, Met

(O2)
11]-substance P (selective NK-1 agonist) induced relaxation

which was concentration-dependent up to 1077
M (Figure 7B).

The nicotinic receptor agonist DMPP (1075
M) also caused

relaxation (Figure 7C).
Transmitter release from collaterals of mainly spinal

a�erents was induced by bath application of capsaicin (Smid

et al., 1998a), which induced a rapid and prolonged relaxation
of LOS strips (Figure 7D). The relaxation response to 1076

M

capsaicin was reproducible in amplitude in repeated trials

when performed in accordance with the protocol described in
detail in Methods.

Responses to electrical ®eld stimulation, [Sar9, Met (O2)
11]-

substance P, DMPP and capsaicin were all una�ected by

baclofen (1074
M) (Figure 7). Also, development of LOS basal

tone and contractile responses to the NK-2 receptor agonist b-
Ala8 neurokinin A [4-10] were similarly una�ected by baclofen

(data not illustrated).

Discussion and Conclusions

Vagal output to the viscera may be maintained tonically active
by central excitatory drive to pre-ganglionic motorneurones.

This tonic output may be directed towards either excitatory or
inhibitory post-ganglionic pathways or both, depending on the
e�ector and the circumstances. Changes in the ®nal output

through these pathways may be made at six stages: e�ects on
a�erent activation peripherally, release of transmitters from
the central endings of a�erents which provide input to re¯exes,

within the central nervous system, pre-synaptically on
peripheral transmitter release from vagal pre-ganglionic
e�erents, within the post-ganglionic plexuses, and pre-
junctionally on transmitter release from intrinsic neurones.

Additionally, vagal re¯exes may be mediated at the level of
axon collaterals of primary a�erent neurones. Thus a
peripheral stimulus may in¯uence the e�ector directly without

central involvement. This study shows that systemically
applied baclofen at least acts at one stage in the pathway ±
presynaptically on transmitter release from vagal e�erent

neurones onto post-ganglionic plexuses. This accounts for
baclofen's actions on responses of the LOS and heart to vagal
stimulation, but the in¯uence of baclofen on basal LOS

pressure is more complex; it originates peripherally because
systemic, not central baclofen lowered basal LOS pressure. We
can also deduce that baclofen's action was not via elements of
the enteric nervous system due to its lack of e�ect in

vagotomized animals, or in isolated preparations of the LOS.
Our early data appeared to indicate a single mechanism for

baclofen's action, both on basal LOS pressure in intact animals

and on vagal stimulation-evoked LOS responses, which was by

Figure 6 E�ects of GABAB receptor ligands on mean LOS pressure (LOSP) and arterial blood pressure (BP) during low frequency
peripheral vagal stimulation (PVS, 0.5 ms pulses, 20 V, 15 min duration) at frequencies (0.25 ± 0.5 Hz) su�cient to achieve
approximately 50% inhibition of basal LOS pressure before drug administration. Baclofen (7 mmol kg71 i.v.), given after 5 min of
PVS, attenuated the reduction of basal LOS pressure by PVS (**P50.01). At the end of the stimulation period, LOS pressure
returned to prestimulation levels. Subsequently, CGP35348 (100 mmol kg71 i.v.) administered during a second 15 min period of
vagal stimulation at the same frequency had no e�ect on LOS pressure. Again, LOS pressure returned to prestimulation levels on
cessation of stimulation. Changes in LOS responses were not paralleled by changes in BP. Baclofen did not signi®cantly a�ect BP
during stimulation, whereas CGP35348 signi®cantly enhanced BP (**P50.01).
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acting presynaptically to reduce vagal output onto inhibitory
post-ganglionic pathways that in turn release nitric oxide onto

smooth muscle. However, an important discrepancy was
revealed on comparison of the action of the GABAB receptor
antagonist CGP35348 in these two situations. Whereas the

e�ect of systemic baclofen on basal LOS pressure in urethane-
anaesthetized animals was completely reversed by CGP35348,
this antagonist did not change baclofen's e�ect on LOS
responses to vagal stimulation, although it was reversed by

other antagonists. This is best explained by there being two
sites of peripheral GABAB receptors: one on vagal pre-
ganglionic endings that is insensitive to CGP35348, and

another elsewhere that is sensitive to CGP35348. Other
instances of speci®c sites of GABAB receptors that are
CGP35348-sensitive and -insensitive are evident from studies

of two areas of the central nervous system: the cortex and the
medulla oblongata. Baclofen inhibits the release of a number
of transmitters from synaptosomes of human cortical neurones
(Bonanno et al., 1996; 1997). Its e�ects on release of

somatostatin and glutamate are reversible with CGP35348,
whereas its e�ect on release of GABA (via autoreceptors) is
not. Trippenbach & Lake (1994) showed that in the medullary

control of respiration in rats, baclofen inhibited several aspects

of the respiratory pattern, but not all of these were reversible
by CGP35348. Clues to the location of the CGP35348-sensitive

site in our studies may arise from our results using two
di�erent anaesthetics. Marked e�ects of baclofen on basal
LOS pressure were seen in animals anaesthetized with urethane

but not in those anaesthetized with barbiturate (in which LOS
pressure was higher initially). It is established that these two
anaesthetic agents di�er substantially in at least two respects:
®rstly their e�ects on gastric motility (Grundy, 1990), and

secondly their ability to release somatostatin from the
gastrointestinal mucosa (Yang et al., 1990). Regarding the
latter, high circulating levels of somatostatin are reached under

urethane anaesthesia in rats, but not under barbiturate
anaesthesia.

As just described, baclofen inhibits somatostatin release

which is reversible with CGP35348 (Bonanno et al., 1996). If
somatostatin were involved in the action of baclofen in our
experiments, this could be mediated either peripherally on
pathways independent of vagal motor in¯uences, or within the

central nervous system, having crossed the blood-brain-
barrier. We found that the somatostatin analogue octreotide,
injected i.c.v. caused profound LOS relaxation in vagally-

intact animals (Blackshaw, unpublished observation), which at

Figure 7 Representative trace of the LOS muscle strip response to electrical ®eld stimulation (EFS; 5 Hz, 50 V, 1 ms duration for
5 s). The response consists of a rapid relaxation during the stimulus, with baseline tone restored within 1 min post-stimulus.
Stimulus-response curves show LOS muscle strip responses to EFS (1 ± 5 Hz, 50 V, 1 ms duration for 5 s) in control and baclofen-
pretreated tissue. Relaxation is frequency-dependent up to 5 Hz. Baclofen (1074

M) did not alter EFS-induced relaxation. (B)
Representative trace of the LOS muscle strip response to cumulative concentrations of [Sar9, Met (O2)

11]-substance P (1079 ±
1076

M). The response consisted of a rapid dose-dependent relaxation, with baseline restored 5 ± 6 min after washout.
Concentration-response curves show LOS muscle strip responses to [Sar9, Met (O2)

11]-substance P form control and baclofen-
pretreated tissues. Baclofen (1074

M) did not alter the dose-response pro®le of the NK-1 receptor agonist in LOS muscle strips. (C)
Representative trace of the LOS muscle strip response to the nicotinic receptor agonist DMPP (1075

M). The response consisted of
rapid relaxation, with baseline tone restored within 1 min post-stimulus. Histogram shows group data for LOS muscle strip
responses to DMPP (1075

M) in control and baclofen-treated tissues. Baclofen (1074
M) did not a�ect LOS relaxation to DMPP.

(D) Representative trace of the LOS muscle strip response to capsaicin (1076
M). The response consisted of a slow-onset relaxation,

with baseline restored approximately 10 min after washout. Concentration-response histogram shows LOS strip responses to
capsaicin (1076

M), alone and in the presence of baclofen (1074
M). Relaxation was unaltered following pretreatment with baclofen.
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least demonstrates there are receptors for somatostatin on
central vagal motor pathways. Regarding the ®rst option of
e�ects of anaesthetics via gastric motility, considerably higher

levels of gastric motility are seen under urethane than under
barbiturate in ferrets (Grundy, 1990). These higher levels of
motility lead to increased activation of gastric vagal
mechanoreceptors (Blackshaw & Grundy, 1990). Activation

of vagal a�erents in turn may cause re¯ex inhibition of basal
LOS pressure (Kawahara et al., 1994). It has recently been
shown that baclofen has a powerful peripheral inhibitory

action on the mechanical responsiveness of gastric vagal
mechanoreceptors (Page & Blackshaw, 1999), which is
reversible with antagonists including CGP35348 in vivo

(Blackshaw & Partosoedarso, 1999).
We are therefore left with one demonstrable mechanism of

action of baclofen in the system under study on vagal output

onto inhibitory enteric pathways, as demonstrated by changes
in vagal stimulation-induced responses. The other mechanism
of action involved in e�ects on basal LOS pressure remains
elusive and is the subject of further study.

Because the vagus was electrically stimulated, it may be that
LOS responses resulted from antidromic activation of gastro-
oesophageal a�erent ®bres in addition to orthodromic

activation of e�erents. Transmitter release from a�erent axon
collaterals has been previously implicated in control of gastric
motility (Delbro et al., 1982) and LOS relaxation (Blackshaw

& Dent, 1997; Blackshaw et al., 1997; Smid et al., 1998a,b),
although the latter four studies from our laboratory indicated
that this phenomenon was evident following activation of

spinal and not vagal a�erent collaterals. The contribution of
antidromically activated a�erents to LOS responses observed
in the present study was investigated by unilateral supranodose

vagotomy in two animals. This procedure allows a�erent and
e�erent pathways in one vagus to be kept intact, and the
e�erent pathways to be selectively removed in the other vagus.

Supranodose vagotomy separates the somata of vagal pre-
ganglionic neurones from their peripheral axons, which
degenerate rapidly (Berthoud & Powley, 1992), whereas the
somata of vagal a�erents remain in continuity with their

axons. Following selective antidromic a�erent stimulation
even at extreme levels, no e�ect was seen on LOS or
cardiovascular parameters, showing not only that actions of

GABAB receptors were restricted to vagal pre-ganglionic
neurones, but also that vagal a�erent collaterals have no
functional connection with motor pathways to the LOS or

heart.
Baclofen has a potential therapeutic e�ect in reducing

transient LOS relaxations and gastro-oesophageal re¯ux

(Blackshaw et al., 1999; Lehmann et al., 1999; Lidums et al.,
2000). It was noted that the same order of antagonist potency
against the e�ects of baclofen seen in this study was also
observed in our parallel study on transient LOS relaxations in

conscious ferrets (Blackshaw et al., 1999). This study therefore
demonstrates not only a site of action of GABAB receptors
along vagal re¯ex pathways, but also a robust model in which

possible subtypes of GABAB receptor may be researched. This
is signi®cant from the point of view of drug development for
gastro-oesophageal re¯ux disease.

AstraZeneca R&D MoÈ lndal are gratefully acknowledged for their
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supply of compounds (Dr A. Lehmann and Dr S. von Unge).
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