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1 In the present study, we examined the effect of E-ring 8-isoprostanes on cholinergic
neurotransmission in guinea-pig trachea and identified the receptor(s) involved. As isoprostanes are
isomeric with prostaglandins, PGE2 and sulprostone (a selective EP3-receptor agonist) were examined
in parallel.

2 8-Iso-PGE1, 8-iso-PGE2 (0.1 nM–1mM), sulprostone (1 nM–1mM) and PGE2 (1 mM) suppressed
EFS-evoked [3H]ACh release from guinea-pig trachea in a concentration-dependent manner,
producing 39.5, 53.9, 61.2 and 59.9% inhibition, respectively, at 1 mM. It should be noted that an
established maximum effective concentration was not determined.

3 Neither SQ 29,548 (1 mM; a TP-receptor antagonist) nor AH 6809 (10 mM; an EP1-/EP2-/DP-
receptor antagonist) reversed the inhibitory effect of these compounds.

4 L-798,106, a novel and highly selective EP3-receptor antagonist, produced a parallel shift to the
right of the concentration–response curves that described the inhibitory action of sulprostone on EFS-
evoked contractile responses in guinea-pig vas deferens (an established EP3-receptor-expressing
tissue), from which a mean pA2 of 7.48 was derived. On guinea-pig trachea, L-798,106 also
antagonised sulprostone-induced inhibition of EFS-induced twitch responses, with similar potency
(mean pA2¼ 7.82).
5 The inhibitory effects of 8-iso-PGE1, 8-iso-PGE2, sulprostone and PGE2 on EFS-induced [

3H]ACh
release was blocked by L-798,106 at a concentration (10 mM) that binds only weakly to human
recombinant EP1-, EP2- and EP4-receptor subtypes expressed in HEK 293 cells.

6 These data suggest that E-ring 8-isoprostanes, PGE2 and sulprostone inhibit EFS-evoked [
3H]ACh

release from cholinergic nerves innervating guinea-pig trachea, by interacting with prejunctional
prostanoid receptors of the EP3-subtype.
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Introduction

Stimulation of airway parasympathetic nerves leads to

muscarinic receptor-mediated bronchoconstriction, mucus

secretion and dilatation of bronchial blood vessels (Barnes,

1992; Belvisi, 2002), and provides the primary means by which

airways tone is regulated in guinea-pigs and humans (Taylor

et al., 1984; Barnes, 1993). A number of prejunctional

receptors are present on autonomic nerve terminals that can

regulate neurotransmitter output. We have reported previously

that 8-Br-cAMP and cAMP-elevating drugs such as b2-
adrenoceptor agonists facilitate cholinergic neurotransmission

to guinea-pig trachea (Belvisi et al., 1996), which is consistent

with the finding that cAMP enhances the exocytosis of

acetylcholine (ACh) from nerve terminals in general (Wilson,

1974; Standaert & Dretchen, 1979; Wessler & Anschutz, 1988).

However, PGE2, which is also known to elevate cAMP in

many tissues, suppresses electrical field stimulation (EFS)-

evoked [3H]ACh release from parasympathetic nerves inner-

vating the airways of a number of species including the guinea-

pig (Spicuzza et al., 1998), dog (Deckers et al., 1989) and

humans (Reinheimer et al., 1998). As there are multiple

molecularly distinct EP-receptors (see below for classification;

Coleman et al., 1994a; Breyer et al., 2001), it was concluded

that PGE2 inhibits cholinergic transmission to the airways by

interacting with a subtype that does not couple positively to

adenylyl cyclase. This idea is supported by the finding that the

EP3-selective agonists GR 63799X, M & B 28,767 and

sulprostone mimic the effect of PGE2 on ACh output from

guinea-pig and human airways, being more potent than

agonists that have selectivity for the other EP-receptor variants

(Spicuzza et al., 1998). The ability of PGE2 to attenuate

transmitter output is not peculiar to the parasympathetic

nervous system. Indeed, several studies have documented that

the release of noradrenaline (Stjarne, 1973; Hedqvist, 1974)

and the cotransmitter ATP (Driessen & Starke, 1994),

measured indirectly from sympathetic nerve terminals, is also
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suppressed following agonism of EP3-receptors (see Coleman

et al., 1987; 1994a; Lawrence et al., 1992).

Generically, the isoprostanes constitute a large family of

novel prostaglandin (PG)-like lipids that are formed by the

nonenzymatic peroxidation of arachidonic acid by free radicals

and reactive oxygen species (Morrow et al., 1990). Structurally,

isoprostanes are isomeric with PGs, and have been given the

prefixes D-, E- and Fa- to denote the prostane ring shared with

PGD2, PGE2 and PGF2a, respectively (Janssen, 2001). An

additional level of complexity is that peroxidation of AA can

occur at one of four carbon atoms producing four regioisomers

– the so-called 5-, 8-, 12- and 15-series isoprostanes – each

consisting of eight racemic diastereomers (Taber et al., 1997).

8-Isoprostanes are present in urine and plasma at signifi-

cantly elevated levels in subjects with respiratory diseases

associated with oxidative stress such as asthma (Montuschi

et al., 1999), COPD (Montuschi et al., 1998) and cystic fibrosis

(Montuschi et al., 2000), when compared to normal healthy

individuals. In fact, it has been proposed that isoprostanes can

be used as biomarkers of airway inflammation and that the

level of expression reflects disease severity (Kharitonov &

Barnes, 2001). However, these novel lipids also have direct

effects in the lung. For example, 8-isoprostanes can contract

and relax human airways smooth muscle (Kawikova et al.,

1996; Janssen et al., 2000), enhance neutrophil function

(Zahler & Becker, 1999) and promote transepithelial anion

secretion (Cowley, 2003). Thus, isoprostanes constitute yet

another group of mediators that can regulate, positively or

negatively, smooth muscle contractility, and potentially,

inflammatory responses in the airways.

Many of the effects of 8-isoprostanes are known to be

mediated through prostanoid receptors, although evidence for

a specific isoprostane-binding site(s) has also been presented

(see Janssen, 2001). Five classes of G-protein-coupled receptor

for the naturally occurring prostanoid agonists have been

defined and given the prefix DP, EP, FP, IP and TP, where the

first letter refers to the natural ligand most selective for that

receptor. Molecular biological techniques subsequently con-

firmed this pharmacological classification with the cloning and

expression of cDNAs for representatives of the five prostanoid

receptors in a number of species including humans (Coleman

et al., 1994a; Breyer et al., 2001). In addition, four subtypes of

the EP-receptor, denoted EP1�4, and multiple spliced variants

of the EP3-subtype can also be derived (Breyer et al., 2001).

Despite being isomeric with the PGs, D-, E- and F-ring 8-

isoprostanes are not invariably agonists at prostanoid recep-

tors of the DP-, EP- or FP-receptor subtypes, respectively.

To date, most research with the isoprostanes has focused on

their ability to directly control smooth muscle tone. In this

paper, we report the novel ability of 8-iso-PGE1 and 8-iso-

PGE2 to negatively regulate the release of ACh from

cholinergic nerves supplying the guinea-pig trachea following

EFS, and have classified the prejunctional receptor involved.

As isoprostanes and PGs are isomeric, we also compared, in

parallel, the effect of PGE2 and sulprostone, which are known

to suppress cholinergic transmission in this preparation. Since

quantitative measurement of ACh overflow from nerve end-

ings is the only direct method to demonstrate unequivocally

the occurrence of a prejunctional modulation of cholinergic

neurotransmission (Patel et al., 1995), the effects of the

isoprostanes and PGs on EFS-induced [3H] ACh release from

isolated guinea-pig trachea was investigated.

Methods

ACh release

Preparation of guinea-pig trachea Male Dunkin–Hartley

guinea-pigs (Harlan-Olac) (300–500 g) were killed by cervical

dislocation and the tracheal tissue prepared, as previously

described (Patel et al., 1995; Belvisi et al., 1996). The lungs,

with trachea and bronchi attached, were rapidly removed and

placed in oxygenated Krebs–Henseleit solution (KHS) of the

following composition (in mM): NaCl 118, KCl 3.5; MgSO4

1.2; NaH2PO4 1.13; CaCl2 2.5; glucose 6 and NaHCO3 25.5.

The trachea was dissected away from the lungs and main

bronchi, and opened longitudinally by cutting through the

cartilage; the epithelium was subsequently removed by careful

dissection and with minimal damage to the smooth muscle.

Indomethacin (10 mM) was present in the KHS throughout to
prevent the formation of endogenous PGs, which have been

demonstrated to affect cholinergic neurotransmission and

[3H]ACh release per se (Walters et al., 1984; Deckers et al.,

1989; Wessler et al., 1994; Belvisi et al., 1996).

Measurement of [3H]ACh release Neuronal release of

[3H]ACh was determined as described previously (Patel et al.,

1995; Belvisi et al., 1996; Spicuzza et al., 1998). Briefly, eight

strips of epithelium-denuded trachea were studied in parallel.

Each tissue was connected on the top and bottom with a silver

wire and mounted longitudinally in a jacketed chamber. The

tissues were superfused (Watson-Marlow model 503S; Smith &

Nephew, Falmouth) at a rate of 1mlmin�1 throughout the

experiment, with oxygenated KHS (pH 7.4) maintained at

371C. The tissues were allowed to equilibrate for 30min,

during which time they were continuously superfused with

KHS. EFS (40V, 0.5ms, 4Hz) was applied continuously for

the last 10min via the silver wire electrodes. Tissues were then

placed into vials containing 1.5ml of oxygenated KHS

supplemented with [3H]choline (67 nM; specific radioactivity

2.78TBqmmol�1) and EFS was applied (40V, 0.5ms, 4Hz)

for 45min in order to facilitate the uptake of [3H]choline into

cholinergic nerve terminals. At the end of this period, tissues

were superfused with KHS containing hemicholinium-3

(10mM) to prevent the re-uptake of unlabelled choline into

the nerves. Preparations were washed for 2 h before the

beginning of the experiment to ensure a stable baseline of

tritium release. During this period, the superfusate was

discarded. It has been shown previously that most of the

tritium outflow evoked by EFS of epithelium-containing

trachea is [3H]phosphorylcholine in addition to [3H]ACh,

whereas EFS of epithelium-denuded tracheal preparations

releases the neurotransmitter only (Wessler et al., 1990).

Furthermore, the release of [3H]ACh following EFS of

guinea-pig trachea is better maintained when cyclooxygenase

enzymes are inhibited (D’Agostino et al., 1990). Accordingly,

in the studies described herein, epithelium-free preparations

were used and indomethacin (10 mM) was present throughout
(Ward et al., 1993; Patel et al., 1995; Spicuzza et al., 1998).

Following the wash period, samples of superfusate were

collected directly into scintillation vials at 1min intervals for

3min before, 1min during and 3min after EFS (40V, 0.5ms

pulse width, 4Hz for 1min), and at 5-min intervals outside

these times. Previous studies from this laboratory have

confirmed that the tritium released under the aforementioned
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conditions is neuronal in origin, and is not the result of tissue

contractions (Ward et al., 1993). Drugs were added to the KHS

superfusing each tissue after one control EFS, as detailed in

the text and figure legends. A test EFS was then applied

approximately 15 and 30min after addition of the drugs, as

indicated. In some experiments, an EP3-receptor antagonist, L-

798,106 (10mM), was added to the superfusing KHS 30min

before a third stimulus and, in these studies, the vehicle or

agonist was also present prior to the second stimulus and then

throughout the duration of the experiment. At the end of each

experiment, tissues were solubilised with 1ml Soluene (Canberra

Packard, Pangbourne), and were counted together with aliquots

of each fraction in 4ml scintillant (Pico-Fluor 40; Canberra

Packard). After determination of radioactivity, the fractional

release of tritium from each preparation was calculated as a

rate coefficient of each collection period at the midpoint time

(Patel et al., 1995; Spicuzza et al., 1998). The increase in

tritium overflow evoked by EFS was expressed as a percentage

increase in the rate coefficient during the period of EFS over

the average release for the preceding 3min control period.

Contractile studies – vas deferens

Tissue preparation Male Dunkin–Hartley guinea-pigs

(Harlan-Olac) (300–500 g) were killed by cervical dislocation.

Vasa deferentia were excised and the loose connective tissue

removed. Each vas deferens (approximately 15mm in length)

was suspended by steel hooks between two platinum wire

electrodes in 10ml organ baths at 371C containing KHS, and

connected via silk threads to Grass FT-03 force–displacement

transducers (Quincy, MA, U.S.A. to detect the changes in

isometric tension, which were recorded on a Grass 7D

polygraph (Grass Instruments).

Experimental protocol Vasa deferentia were set to an

initial tension of 1.5 g and left to equilibrate for 30min before

application of EFS (1 s; 1ms; 60V; 10Hz) supplied via a

Digitimer D343 stimulator (Digitimer Ltd, Welwyn Garden

City, Hertfordshire) every 60 s for 30min (Tam et al., 1997;

Jones et al., 1998). Sulprostone (1 pM–1 mM) was added

cumulatively to the bath after stable EFS responses were

achieved. In some experiments, the EP3-receptor antagonist L-

798,106 (200 nM; Juteau et al., 2001) was added to the bath

30min prior to sulprostone.

Contractile studies – trachea

Measurement of contractile responses Transverse seg-

ments of guinea-pig trachea, each containing three to four

cartilaginous rings, were prepared and suspended between two

parallel platinum-wire field electrodes (10mm apart) in 10ml

organ baths containing KHS at 371C, which was continuously

gassed with a 95% O2/5% CO2 mixture, as described

previously (Takahashi et al., 1994). The tissues were allowed

to equilibrate for 1 h with frequent washing under a resting

tension of 1g. Isometric contractile responses were measured

with force–displacement transducers (model FT-03; Grass

Instruments) connected to a polygraph (Model 7D; Grass

Instruments).

EFS-induced cholinergic contractile response For experi-

ments involving cholinergic contractile responses, EFSs were

applied for 15 s every 120 s at a frequency of 4Hz at 40V,

which causes approximately 50% of the maximal neuronally

induced contraction (Takahashi et al., 1994). After at least

four stable responses of equal magnitude were recorded,

sulprostone (0.1 nM–3mM) was introduced cumulatively to the
bath. In some experiments, tissues were incubated with both

the EP1- and TP-receptor antagonists SC-51089 (10 mM) and
SQ 29,548 (1 mM), respectively, in the absence and presence of
L-798,106 (200 nM), a selective EP3-receptor antagonist, 30min

before the addition of sulprostone.

Effect of sulprostone on smooth muscle tone High

concentrations of sulprostone are known to contract guinea-

pig trachea by activating receptors of the EP1- and/or TP-

receptor subtypes (Coleman & Kennedy, 1985; McKenniff

et al., 1988; Featherstone et al., 1990). To allow the role of

EP3-receptors to be assessed pharmacologically in the suppres-

sion of cholinergic transmission, concentration–response

curves were constructed to sulprostone in the presence of SC

51089 (10 mM; EP1-receptor antagonist) and SQ 29,548 (1 mM;
TP-receptor antagonist), to determine the highest concentra-

tion that did not increase smooth muscle tone.

Drugs, chemicals and analytical reagents Indomethacin,

PGE2 and hemicholinium-3 were obtained from Sigma-

Aldrich (Poole, Dorset). 8-Isoprostanes, 6-isopropoxy-9-oxo-

xanthine-2-carboxylic acid (AH 6809), 1S-[1a,2a(Z),3a,4a]]-7-
[3-[[2-[(phenylamino)carbonyl]hydrazino]methyl]-7-oxabicyclo

[2.2.1] hept-2-y1]-5-heptenoic acid (SQ 29,548) and sulprostone

were obtained from Cayman Chemicals (Ann Arbor,

Michigan, U.S.A.). 5-Bromo-2-methoxy-N-[3-(2-naphthalen-

2-yl-methylphenyl)-acryloyl]-benzenesulphonamide (L-798,106)

was a kind gift from Merck Frost (Quebec, Canada) and

8-chlorodibenz[b,f][1,4]oxazepine-10(11H)-carboxylic acid, 2-

[1-oxo-3-(4-pyridinylpropyl] hydrazide monohydrochloride

(SC-51089) was obtained from Biomol (via Affiniti Research

Products Ltd., Exeter). All drugs were made up daily and

dissolved in DMSO, except indomethacin, PGE2 and SC

51089, which were dissolved in 5% NaHCO3, ethanol and

distilled H2O, respectively.

Data and statistical analyses Data points, and values in

the text and figure legends, represent the mean7s.e.m. of ‘n’

independent determinations using tissues from different

animals. In all [3H]ACh release experiments, each tissue acted

as its own control and results obtained before and after drug

treatment were compared by Student’s t-test for paired data.

P-values less than 0.05 were considered to be statistically

significant.

Concentration–response curves were analysed by least-

squares, nonlinear iterative regression with the ‘PRISM’

curve-fitting program (GraphPad software, San Diego,

U.S.A.) and pECX/pICX values were subsequently interpolated

from curves of best fit. Estimates of antagonist affinity were

calculated using the equation pKB¼ log(CR�1)�log[B]
(Schild, 1949), where CR is the concentration ratio calculated

from the EC50 of the agonist in the presence of the antagonist

divided by the EC50 of the agonist alone, KB is the equilibrium

dissociation constant and [B] is the concentration of the

antagonist. In the experiments described herein, the term

pA2 is substituted for pKB as antagonists were used at one
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concentration only, which precludes the assumptions being

made about the nature of the antagonism.

Results

Effect of E-ring 8-isoprostanes, PGE2 and sulprostone on
EFS-induced [3H]ACh release from guinea-pig trachea

8-Iso-PGE1, 8-iso-PGE2 (both 0.01–1mM) and the selective

EP3-receptor agonist sulprostone (1 nM–1 mM) suppressed

the release of [3H]ACh from guinea-pig trachea following

EFS, in a concentration-dependent manner. At the highest

concentration of prostanoid or isoprostane tested (1 mM), ACh
output was reduced by 39.574.1, 53.075.2 and 62.172.2%,

respectively (Figures 1a, 2). It should be noted that this

was not an established maximum effective concentration.

Sulprostone (pIC25¼ 8.3470.11) was B45- and B33-fold

more potent than 8-iso-PGE1 (pIC25¼ 6.6470.14) and 8-iso-

PGE2 (pIC25¼ 6.7970.12), respectively. DMSO (0.1% v v�1),

the vehicle for the isoprostanes and sulprostone, had no

significant effect on EFS-induced [3H]ACh (10.376.3%

inhibition, P40.05; Figure 1a).

We have previously reported that PGE2 inhibits cholinergic

transmission to guinea-pig trachea in a concentration-related

fashion (Spicuzza et al., 1998). Consequently, only a single

concentration (1 mM) of PGE2 was used in the present

experiments, which blocked EFS-evoked [3H]ACh release by

59.975.9% (Figure 1b). Ethanol (0.1% vv�1, the vehicle for

PGE2) failed to significantly modify cholinergic transmission

(7.173.9% inhibition, P40.05; Figure 1b).

Effect of a TP-receptor antagonist on the inhibition
of EFS-induced [3H]ACh release evoked by E-ring
8-isoprostanes

To determine whether TP-receptors mediated the inhibitory

effect of 8-iso-PGE1 and/or 8-iso-PGE2 on EFS-evoked

[3H]ACh release, tracheae were superfused with KHS contain-

ing the TP-receptor antagonist SQ 29,548 (1 mM) for 30min
prior to the third EFS. SQ 29,548 per se had no significant

effect on cholinergic transmission (7.273.0% inhibition, n¼ 6,
P40.05) and did not antagonise the inhibitory action of either

8-iso-PGE1 or 8-iso-PGE2 (each at 1 mM; Table 1). The vehicle
for SQ 29,548 (0.1% vv�1 DMSO) did not significantly modify

EFS-induced [3H]ACh release (6.371.6% inhibition, n¼ 6,
P40.05).

Effect of AH 6809 on the inhibition of EFS-induced
[3H]ACh release evoked by E-ring 8-isoprostanes

AH 6809 is an antagonist at the EP1- and DP-receptor

subtypes (Coleman et al., 1987; Keery & Lumley, 1988;

Woodward et al., 1995). To determine whether these prosta-

noid receptors mediated the inhibitory effect of 8-iso-PGE1
and/or 8-iso-PGE2 on EFS-evoked [

3H]ACh release, tracheae

were superfused with KHS containing AH 6809 (10 mM) for
30min prior to the third EFS. AH 6809 by itself had no

significant inhibitory effect on cholinergic transmission

(6.774.3% inhibition, n¼ 6, P40.05), and did not antagonise

the inhibitory actions of 8-iso-PGE1 or 8-iso-PGE2 (Table 1).
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Figure 1 Effect of E-series 8-isoprostanes, sulprostone and PGE2
on EFS-induced [3H]ACh release from guinea-pig trachea. Panel (a)
shows the mean concentration–response curves constructed for the
inhibition of ACh release evoked by 8-iso-PGE1, 8-iso-PGE2 (both
10 nM–1 mM) and sulprostone (1 nM–1 mM). In panel (b), the effect of
PGE2 (1mM) on EFS-induced [3H]ACh is shown. Each tissue acted
as its own control such that data points/bars reflect the percentage
change in EFS-induced [3H]ACh output after drug administration,
relative to the first control stimulation. Data points and bars
represent the mean7s.e.m. of five to eight independent observations.
*Po0.05 – significant inhibition of EFS-induced [3H]ACh release.
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The vehicle for AH 6809 (0.1% v v�1 DMSO) did not signi-

ficantly modify EFS-induced [3H]ACh release (5.672.6%

inhibition, n¼ 5, P40.05).

Effect of a novel and selective EP3-receptor antagonist,
L-798,106, on EFS-induced contractile responses of
guinea-pig vasa deferentia

To determine whether EP3-receptors mediated the inhibitory

effect of 8-iso-PGE1 and/or 8-iso-PGE2 on EFS-evoked

[3H]ACh release in guinea-pig trachea, a novel and a highly

selective EP3-receptor antagonist, L-798,106, was employed.

As the affinity estimates of this antagonist have not been

reported in isolated tissues, the pA2 of L-798,106 at EP3-

receptors was first determined by Schild (1949) analysis in the

guinea-pig vas deferens, an established EP3-receptor-expres-

sing tissue (Lawrence et al., 1992; Coleman et al., 1994b; Tam

et al., 1997; Jones et al., 1998). In these experiments,

sulprostone was used as the agonist due to its high potency

and selectivity for the EP3-receptor subtype (Tam et al., 1997;

Jones et al., 1998).

On the guinea-pig isolated vas deferens, sulprostone

(0.001 nM–1mM) inhibited the contractile responses elicited

by EFS in a concentration-dependent manner (1 s, 1ms, 60V,

10Hz), with a pIC50 of 9.5470.12 and complete inhibition

achieved at 10–30 nM (Figure 3a, b). In the presence of

L-798,106 (200 nM; B670�Ki at human recombinant EP3-

receptors; Juteau et al., 2001), the sulprostone concentration–

response curve was displaced 6.5-fold to the right and in a

parallel fashion, from which an apparent pA2 of 7.4870.25

(n¼ 5) was calculated (Figure 3a–c).

Effect of EP1- and TP-receptor blockade on sulprostone-
induced contractions of guinea-pig tracheal smooth muscle

To accurately determine the affinity of L-798,106 at sulpros-

tone-sensitive prejunctional receptors on cholinergic nerves

that supply the guinea-pig trachea, it was necessary in the first

instance to determine the highest concentration of sulprostone

that could be studied on cholinergic neurotransmission with-

out increasing the smooth muscle tone, which is known to be

mediated by both EP1- and TP-receptors (Coleman &

Kennedy, 1985; McKenniff et al., 1988; Featherstone et al.,

1990). The cumulative addition of sulprostone to guinea-pig

trachea evoked concentration-related contractions from which

a pEC50 of �7.3870.09 (M) was derived (Figure 4). In the

presence of SC-51089 (10 mM) and SQ 29,548 (1 mM), concen-
trations that selectively block EP1- and TP-receptors, respec-

tively, the mean sulprostone concentration–response curve was

displaced B100-fold to the right, such that, at the highest

Table 1 Effect of a selective TP-receptor antagonist, SQ 29,548 (1 mM), and the EP1-/DP-receptor antagonist, AH 6809
(10mM), on the inhibitory effects of 8-iso-PGE1 (1 mM) and 8-iso-PGE2 (1 mM) on EFS-induced [3H]ACh release from
guinea-pig trachea

Inhibition of EFS-induced [3H]ACh release (%)

Isoprostane n �SQ 29,548 +SQ 29,548 �AH 6809 +AH 6809

8-iso-PGE1 5 27.672.2 24.671.7 38.773.0 35.574.2
8-iso-PGE2 6 38.474.8 37.173.0 42.076.8 47.874.6

Each tissue acted as its own control, such that the data reflect the percentage change in EFS-induced [3H]ACh output after drug
administration relative to the first control stimulation.
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concentration (3 mM) examined, contractions reached only

20% of the maximum response seen in the absence of the anta-

gonists (Figure 4). Under these experimental conditions, sul-

prostone could be used at concentrations up to 300 nM before

the effects on smooth muscle tone became evident (Figure 4).

Effect of a novel and selective EP3-receptor antagonist,
L-798,106, on EFS-induced cholinergic contractile
responses of guinea-pig tracheal smooth muscle

On the guinea-pig isolated trachea sulprostone (0.003–100 nM)

inhibited in a concentration-dependent manner contractile

responses elicited by EFS (15 s, 1ms, 60V, 4Hz) with a pIC50
of 8.5870.07. However, consistent with the data shown in

Figure 4, a complete concentration-response relationship could

not be constructed with certainty as sulprostone also con-

tracted the trachea at concentrations above 3 nM (Figure 5a,b).

In the presence of SC-51089 (10mM) and SQ 29,548 (1mM),
which abolished the ability of sulprostone to increase tracheal

tone, EFS-induced contractile responses were also inhibited by

sulprostone with a pIC50 (8.6570.07) that was not significantly

different (P40.05) from that derived in the absence of

antagonists. Indeed, Figure 5a convincingly shows that EP1-

and TP-receptor blockade did not alter the position of the

mean sulprostone concentration-response curves that described

the inhibition of EFS-induced cholinergic contractile responses.

On the guinea-pig isolated trachea, sulprostone (0.001 nM–

3 mM), in the presence of SC-51089 (10 mM) and SQ,29-548

(1mM) inhibited in a concentration-dependent manner choliner-
gic contractile responses elicited by EFS (15 s, 1ms, 40V, 4Hz)

with a pIC50 and maximum inhibition of 8.3270.16 and

90.373.863% respectively (Figure 6). In the presence of L-

798,106 (200nM) the mean sulprostone concentration-response

curve was displaced 14-fold to the right and in a parallel fashion

from which an apparent pA2 of 7.8270.07 (n¼ 7) was calculated
(Figure 6). This affinity estimate was not significantly different

from that derived for L-798,106 in the vas deferens (P40.05).

Effect of L-798,106 on the inhibition of EFS-evoked
[3H]ACh release from guinea-pig trachea evoked by
8-iso-PGE1, 8-iso-PGE2, PGE2 and sulprostone

Having determined the affinity of L-798,106 at EP3-receptors

in two guinea-pig tissues where transmitter output was

measured indirectly, the same antagonist was tested for its

ability to attenuate 8-iso-PGE1-, 8-iso-PGE2-, PGE2- and

sulprostone-induced inhibition of [3H]ACh from guinea-pig

trachea. In these experiments, L-798,106 was used at 10 mM
(B667 times its pA2 at EP3-receptors), a concentration that has

little or no activity at the EP1-, EP2- or EP4-receptor subtypes

(Juteau et al., 2001). Under these conditions, L-798,106

significantly attenuated the inhibitory effect of all agents

tested (in % inhibition of EFS-induced release: 8-iso-PGE1
from 56.974.6 to 8.674.2; 8-iso-PGE2 from 51.675.1 to

9.277.1; PGE2 from 61.277.9 to 2.978.9; sulprostone from

55.976.2 to 18.872.8; Figure 7a). The inhibition of [3H]ACh

release was observed 15min after the application of each test

agonist and reversal was complete 30min following the

addition of L-798,106 (see Figure 7b for 8-iso-PGE2 results).

Discussion

The aim of the present study was to determine if 8-iso-PGE1
and 8-iso-PGE2 regulate ACh release from parasympathetic

nerves innervating guinea-pig trachea, and to identify the

prejunctional receptor(s) involved in any effect. As isopros-

tanes are isomeric with PGs, the effects of PGE2 and the

selective EP3-receptor agonist sulprostone were re-assessed

concurrently in this system, as they are known to inhibit
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EFS-evoked [3H]ACh release from tracheal smooth muscle,

with a pharmacology consistent with the agonism of prejunc-

tional EP3-receptors (Belvisi et al., 1996; Spicuzza et al., 1998).

Four distinct receptor subtypes for E-series PGs have been

cloned, and these can be distinguished pharmacologically with

selective agonists and antagonists (see Coleman et al., 1994a;

Breyer et al., 2001). Studies using naturally occurring and

synthetic prostanoid receptor ligands have attempted to

classify the prejunctional EP-receptor subtype(s) on choliner-

gic nerve terminals that innervate guinea-pig trachea. Spicuzza

et al. (1998) demonstrated that 17-phenyl-o-trinor PGE2
(selective EP1-receptor agonist) and AH 13205 (selective EP2-

receptor agonist; Nials et al., 1993) were greater than 12- and

100-fold less potent, respectively, than PGE2 at inhibiting

[3H]ACh release, suggesting that neither the EP1- nor EP2-

receptor subtype mediates this response. In addition, Spicuzza

et al. (1998) found that the inhibition of [3H]ACh release by

PGE2 was insensitive to AH 6809 when used at a concentration

10–100 times higher than its affinity for the EP1- and DP-

receptor subtypes (Spicuzza et al., 1998). Indeed, this latter

finding is confirmed here. Collectively, these historical data

and the insensitivity of the response to the TP-receptor

antagonist SQ 29,548, documented herein, suggest that

PGE2, sulprostone and, potentially, E-ring 8-isoprostanes

suppress cholinergic neurotransmission to guinea-pig trachea

by activating prejunctional prostanoid receptors of the EP3-

subtype. This conclusion is supported by the finding that the

highly selective EP3-receptor agonists GR 63799X and M & B

28,767 were respectively seven times more potent than, and

equipotent with, PGE2 at suppressing [
3H]ACh release from

guinea-pig trachea (Spicuzza et al., 1998). Although the

selective agonists or antagonists at EP4-receptors have not

been used within this study, this subtype is positively coupled

to adenylyl cyclase and hence would elevate cAMP, a process

that is thought to enhance rather than inhibit ACh release

from nerve terminals (Wilson, 1974; Standaert & Dretchen,

1979; Wessler & Anschutz, 1988; Belvisi et al., 1996).

It is well recognised that establishing the rank orders of

agonist potencies in isolated cells and tissues is not a robust

method for classifying receptors, and that unequivocal

receptor classification can only be determined with selective

antagonists. Thus, in the present study, we performed

additional experiments to identify the receptor that mediates

the inhibition by sulprostone of cholinergic neurotransmission

using a novel and recently described EP3-receptor antagonist,

L-798,106 (Juteau et al., 2001). In radioligand-binding studies,

L-798,106 has a Ki of 300 pM for the human recombinant EP3-

receptor expressed in HEK 293 cells, which is416,000,43000

and 416,000 times higher than its affinity at human

recombinant EP1-, EP2- and EP4-receptor subtypes, respec-

tively (Juteau et al., 2001). As an antagonist’s affinity for a

specific receptor can vary between species and by the way it is

determined (e.g. radioligand binding vs Schild (1949) analysis),

the pA2 of L-798,106 for antagonising the inhibition by

sulprostone of EFS-evoked contractile responses in the guinea-

pig vas deferens, an established EP3-receptor-expressing tissue

(Lawrence et al., 1992; Coleman et al., 1994b; Tam et al., 1997;

Jones et al., 1998) was determined and compared with the

guinea-pig trachea under comparable experimental conditions.

From these experiments, pA2 values of 7.48 and 7.82 were

calculated for L-798,106 on the vas deferens and trachea,

respectively. These affinity estimates were not significantly

different from one another, providing compelling evidence that

the inhibition by sulprostone of EFS-induced contractile

responses of the guinea-pig vas deferens and trachea are
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ability of L-798,106 (10 mM) to antagonise the inhibitory effect of 8-
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respectively. Each tissue acted as its own control such that bars
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mediated by the same prejunctional prostanoid receptor, and

that this receptor is of the EP3-subtype. To the authors’

knowledge, this is the first report documenting the affinity of

an EP3-receptor antagonist in isolated tissues. Clearly, L-

798,106 provides an invaluable research tool to aid the

classification of EP-receptor-mediated events in other cells

and tissues where a role for the EP3-subtype is equivocal.

One striking discrepancy of the present study that merits

highlighting was that the affinity of L-798,106 determined by

Schild (1949) analysis for the prejunctional EP3-receptor

expressed on guinea-pig nerve varicosities supplying the vas

deferens (33nM) and trachea (15nM) was 50 and 110 times

lower than its Ki at the human recombinant EP3-subtype

determined by radioligand binding (300 pM; Juteau et al., 2001).

Equilibrium dissociation rate constants for reversible drug–

receptor interactions are assumed to follow the law of mass

action, and should be the same, irrespective of whether they are

determined operationally or by ligand binding. To account for

the anomalous behaviour of L-798,106, we suggest that the

most likely explanation is a difference between the human and

guinea-pig EP3-receptor subtype. Indeed, there are many

examples in the literature where an antagonist’s affinity for a

G-protein-coupled receptor varies considerably across species.

For example, the Ki for bradyzide, a nonpeptide antagonist at

the bradykinin B2-receptor, is 800 times lower at the human

recombinant B2-subtype expressed in COS-7 cells relative to the

rodent homologue (Burgess et al., 2000). Similar species-related

differences in the affinity of adenosine receptor antagonists

have also been noted. This is most conspicuous for the A3-

adenosine receptor where the affinity of many xanthine-based

antagonists is highly species-dependent and is typically B100-

fold higher for the human subtype when compared to the rat

variant (see Fredholm et al., 2001). Clearly, additional studies

with L-798,106 in EP3-receptor-expressing human tissues could

help resolve this inconsistency. An alternative explanation may

relate to the method used to determine affinity. However, while

discrepancies between pA2 and pKi values are not uncommon,

the authors are unaware of any examples where differences of

two orders of magnitude have been authenticated.

L-798,106 also reversed the inhibitory effect of E-ring 8-

isoprostanes, PGE2 and sulprostone on EFS-induced [
3H]ACh

release. Although this smooth muscle preparation is not suited

for the construction of response curves from which concentra-

tion ratios can be calculated reproducibly, L-798,106 was used

at a concentration (10 mM) that is reportedly selective for the
EP3-receptor subtype (Juteau et al., 2001). Thus, we conclude

that, irrespective of whether cholinergic transmission is

measured indirectly (EFS-induced contractile responses) or

directly ([3H]ACh release), the inhibitory effect of 8-iso-PGE1,

8-iso-PGE2, PGE2 and sulprostone is mediated through

prejunctional receptors on cholinergic nerve terminals that

have the characteristics of the EP3-subtype.

There are few publications on the regulation by 8-

isoprostanes of autonomic neurotransmission. In the present

study, we have added to the literature, by presenting

persuasive evidence using L-798,106, that 8-iso-PGE1 and 8-

iso-PGE2 activate the same receptor as PGE2 to temper

cholinergic transmission to guinea-pig airways. These results

are consistent with the ability of 8-iso-PGE2 to suppress EFS-

induced noradrenaline release from bovine isolated irides and

the rat isolated stomach (Awe et al., 2000; Opere et al., 2001;

Nakamura et al., 2003; Yokotani et al., 2003). However,

isoprostanes do not behave predictably. For example, the Fa-

ring 8-isoprostane, 8-iso-PGF2a, enhances and inhibits, respec-

tively, noradrenergic transmission to the irides and stomach by

activating prejunctional TP-receptors (Awe et al., 2000; Opere

et al., 2001; Nakamura et al., 2003; Yokotani et al., 2003). It is

of interest that we have reported previously that 8-iso-PGF2a
reduces EFS-evoked [3H]ACh release from guinea-pig trachea,

although the participation of TP-receptors was not determined

(Spicuzza et al., 2001). It is clear from these limited studies

that, despite being isomeric with the PGs, D-, E- and Fa-ring 8-

isoprostanes are not invariably agonists at prostanoid receptor

of the DP-, EP- or FP-receptor subtypes, respectively.

PGE2 is known to modulate noradrenergic and cholinergic

neurotransmission from central and peripheral nerves in

several species. Indeed, the existence of prejunctional EP-

receptors on postganglionic sympathetic nerve terminals has

been widely reported. In rat vena cava (Molderings et al.,

1992), human saphenous vein and human pulmonary artery

(Molderings et al., 1994), rat trachea (Racke et al., 1992) and

guinea-pig atrium (Mantelli et al., 1991), EFS-evoked [3H]nor-

adrenaline release is inhibited by PGE2 through, what is

believed to be, a prejunctional EP3-receptor. Taken together,

these observations strongly suggest that prejunctional EP3-

receptors, that can be activated by PGE2 and more novel

ligands like the E-ring 8-isoprostanes, are ubiquitously

expressed on autonomic nerve varicosities and, when acti-

vated, suppress neurotransmitter output.

In conclusion, the results of the present study demonstrate

that E-ring 8-isoprostanes and PGE2 inhibit EFS-evoked

[3H]ACh release from cholinergic nerve endings through an

interaction with prejunctional prostanoid receptors of the EP3-

subtype. Recently, it was published that isoprostanes are

elevated in the airways of patients with several respiratory

disorders (Montuschi et al., 1999; 2000), and it is possible that

the negative regulation of ACh output by these novel lipids

from parasympathetic nerves may be of clinical relevance.

Indeed, inhibition by 8-isoprostanes and PGE2 of cholinergic

transmission could be beneficial in airway inflammatory

diseases where vagal tone may be increased such as in COPD

and nocturnal asthma. Thus, these novel lipids constitute yet

another group of mediators that can regulate, positively or

negatively, smooth muscle tone, neurotransmission and,

potentially, inflammatory responses in the airways.
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