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OBITUARY

Franz Hobbiger MD PhD DSc MRCP
(1920-1994)

Franz Hobbiger, who died on June 4, 1994, was a familiar
and respected member of the British Pharmacological
Society, and for 6 years was an editor of this journal. A
regular attender at meetings his participation, voiced in a
strong Austrian accent, livened up many discussions. Arriving
in Britain in 1948, his entire working life in this country was
spent at the Middlesex Hospital Medical School.

Born in 1920 in the small village of Kleedorf, Austria, near
the Czech border, he began his medical studies in Vienna in
1938 immediately after the anschluss. He qualified MD in
1946 but his studies were interrupted by intermittent military
service on the eastern front. During the last weeks of the war
a wound to a leg and misuse of a tourniquet, necessitated an
above knee amputation. His original intention to specialize in
surgery was changed to pharmacology. He qualified with
distinctions in all parts of the MD and was clearly well-
equipped intellectually to pursue a scientific career. Disen-
chanted by prospects in the divided Vienna of the immediate
post-war years he came to the Middlesex as a WHO fellow in
1948 and worked initially with A.S.V. Burgen, who left the
following year. Franz was appointed demonstrator in 1949
then promoted through the lecturer grades to reader (1959),
professor (1964) and head of department (1968 succeeding
C.A. Keele) before retiring in 1988. He was away from
London for a few months only, on a fellowship at the
Montreal Neurological Institute in 1957-58.

Franz Hobbiger arrived at the Middlesex at an opportune
time for research. A.S.V. Burgen (with Dickens and Zatman)
had defined the mechanism of action of botulinum toxin in a
classic paper now sadly ignored, despite increasing therapeu-
tic use of the toxin, and the work was done without a single
radioactive isotope! Armstrong and Keele soon began to
clarify the area of substances producing pain and itch. Tait
and Simpson were discovering aldosterone, and Doniach and
Roitt the fertile field of autoimmune diseases. In physiology,
Eric Neil was elucidating the chemoreceptor mechanism and
importance of reduced oxygen tension, work forming a basis
for the practical advances in the management of respiratory
failure introduced by Campbell and Westlake in the early
1960s. The young Austrian quickly found this environment to
his liking, enjoying not only the laboratories and school, but
the common room, clubs and pubs.

Franz Hobbiger’s principal research field was the
cholinesterases, work which had begun in Vienna and several
publications, all in German, predate his arrival in England.
At the Middlesex he was able to expand it and make
fundamental discoveries. He worked in a laboratory on the
ground floor of the old medical school, later demolished to
build the Thorn Building. The laboratory appeared like
something out of an Ealing comedy film. Smoked drums and
kymographs abounded, with linked-up organ baths and
rubber tubing which spurted leaks when some incompetent
clamped off the wrong conduit with a Spencer Wells. Pride of
place was the Warburg, an oblong tank filled with water, and
containing racks of glass manometers which moved back-
wards and forwards. This instrument, almost ridiculous in
appearance, was central to the manometric techniques
essential for early enzymology enabling the biochemical
pharmacology to relate to effects on isolated organs and
whole animals. Franz was a superb technical experimenter
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using these temperamental techniques with great skill and
affection. He concentrated early on studies of the mechanism
by which organophosphorus compounds (potential war gases
or more optimistically, insecticides) inhibited cholinesterases,
and observed in 1951 (with A.S.V. Burgen) that inhibited
enzyme could reactivate spontaneously. Received wisdom at
that time defined the organophosphorus inhibitors as
irreversible in type, chemically changing the active site by
co-valent bonding: end of story. Franz Hobbiger was one of
a small group of scientific heretics who challenged orthodoxy
and demonstrated that practical reactivation could be
achieved, with all the therapeutic implications that could
ensue.

It is difficult to be certain of the exact sequence of events
in this very active field through the 1950s and early sixties.
Bo Holmstedt, a careful historian, made this point close to
the events in 1959 and held the same view in 1985 when the
dust had settled. Dates of publication are an uncertain guide
through a field heavy with security and military implications.
The groups with whom Franz Hobbiger interrelated included
Davies and co-workers at Porton Down (where he consulted
for many years), Aldridge and others at Carshalton, and I.B.
Wilson and co-workers in the U.S.A. In 1951 both Hobbiger
and Wilson independently reported spontaneous reactivation
of the inhibited enzyme. Wilson noted also that choline and
hydroxylamine speed up the process while Hobbiger showed
that the rate of reactivation was related to the dialkyl
structure of the inhibitor. Over the next four years much
work was published on reactivation by nucleophilic com-
pounds by the different research groups. Dr Norman
Aldridge kindly drew my attention to Hobbiger’s 1955 paper
on ‘ageing’ of the inhibited enzyme. In this he examined the
effects of nicotine hydroxamic acid methiodide (NHA) on
human plasma cholinesterase inhibited by organophosphates
containing either diethyl or disopropylphosphato groups. The
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longer the time of contact between inhibitor and enzyme, the
more difficult it was to reactivate with NHA. Two types of
phosphorylated enzyme, I and II were postulated; type I
could be reactivated whereas type II could not. (Dr Aldridge
points out that it is now known that ageing is a reaction
occurring in phosphorylated cholinesterases in the absence of
inhibitor and the rate depends on the particular enzyme
derivative). With DFP contact must not exceed 1 h whereas
with some diethyl compounds reactivation could be achieved
after longer periods. Also in 1955 Davies and Green at
Porton and Wilson and Ginsburg in the USA reported on the
reactivating properties of P-2-AM the oxime later available as
pralidoxime, the currently available antidote for organopho-
sphorus poisoning. Each group appears to have obtained
their compound independently, Davies acknowledging the
chemical help of G.L. Sainsbury and C. Stratford and Wilson
acknowledging K. Pfister and Merck and Co. Inc. Hobbiger
the following year extended his studies on ageing to true
cholinesterase (human and bovine) and their reactivation
from enzyme I by the potent pralidoxime supplied by Davies.
Subsequently in 1966 (with Vojvodic) he extended the work
to the even more potent obidoxime. In 1963 he reviewed the
whole subject of reactivation in Heffter’s Handbuch Der
Experimentellen Pharmacologie edited by his friend George
Koelle, a review which 30 years on is still an outstanding
work of reference. Of the 25 contributors he was the only one
who needed to follow his main chapter with an eleven page
Addendum and 63 new references to cover the period
between writing and publication, testifying both to his
thoroughness and completeness, and to the scientific activity
of the field. It is sad that this review is the only published
example of his work referred to in the current edition of
Goodman & Gilman (the 8th). Earlier volumes gave him
more recognition.

Through the late 1960s and 70s the earlier single author
publications gave way to joint work with his PhD students,
all closely and individually supervised. Gradually, teaching
and administrative work (departmental and university) took
precedence over the laboratory bench, to his regret. Always
cautious, anxious to confirm and pedantic to a degree in the
writing of this adopted language, he was never one to publish
precipitately. Additionally his love of skilful techniques made
him disparaging of some of the newer isotope methods of
biochemical pharmacology. He denigrated the ‘PhD factories’
and this led at times to conflicts with colleagues. Those who
knew him well admired and respected his dedication to the
very highest scientific traditions, but realised and regretted
that these were increasingly compromised in many units by
the changing scene of the 1980s when the future of
departments depended on the number of publications.

In the early 1960s the laboratory moved to the new
medical school overlooking the elegant Georgian terraces of
Charlotte Street which had housed Wellcome’s Physiological
Research Laboratories sixty years earlier. New state of the
art equipment appeared. The Warburgs now gyrated and
winked Dalek-like and were capped by an appropriate rocket
shape. Recorders by Devices and strain gauges now replaced
the kymographs. To his responsibilities as departmental head,
were added those of secretary (1965-6) followed by
chairmanship (1966—9) of The Board of Studies in
pharmacology at the University. In 1979 he became chairman
of the Higher Degrees Committee at the medical school and
in 1981 Post-graduate sub dean (Science). From 197088 he
was a member of the veterinary products committee of the
Medicines Commission. Inevitably administrative and teach-
ing commitments through the 1970s took precedence over his
research. He always regarded teaching very highly and
interrelated it with research both at undergraduate and
post-graduate level. Generations of medical students at the
Middlesex owe to him the scientific basis of their
therapeutics. Again the Middlesex in the early 1950s was
blessed with distinguished teachérs, notably Samson Wright
with his socratic dialogues, requiring blackboard, chalk, good

discussion and not a slide in sight, and Eldred Walls who
could build up the most complex anatomical relationships
with a few coloured chalks. Franz continued and extended
this tradition.

Primo Levi disparaged the value of the scientific
demonstration. Alas he never experienced Franz Hobbiger’s
ability to reproduce epoch-making discoveries in pharmacol-
ogy: the Weber brothers’ inhibition of cardiac rate by
stimulation of the peripheral vagus and the same effects
from i.v. acetylcholine; the hypertensive effects of adrenaline,
discovered by Oliver and Schaffer; the reversal of this effect
by ergotamine in the classic serendipitous observation of
H.H. Dale (only to be adequately explained after Ahlquist,
1948) and many others. Only with hindsight does one realise
the importance of these demonstrations for one’s education;
someone once said something about youth being wasted on
the young! The animal demonstrations were extended to man
in the pharmacology practical class before the discipline of
‘clinical pharmacology’ existed. Student groups explored the
effects of histamine on gastric acid, glyceryltrinitrate on the
cardiovascular system, and drugs on the eye. Franz collated
the findings, skilfully introducing statistics and using any
anomalies to teach on variability. For him there was no
distinction between the animal laboratory and the human
work, there was only pharmacology; clinical pharmacology
was an unnecessary subdivision.

In late 1969 the Middlesex hosted the BPS meeting. A
satellite meeting of clinical pharmacologists was convened
and met at University College Hospital, to discuss initiating a
clinical section within the BPS, which subsequently occurred.
Franz undoubtedly disapproved of the separate section in
principle, and felt slighted by the manner in which it was
done. He saw no need for a separate department at the
Middlesex and that this was practically unique among UK
medical schools in no way worried him. With the fiscal
contractions of the 1980s he realised he had saved the public
purse much money, a sentiment which doubtless appealed to
his somewhat mischievous sense of humour. Despite his
political objection to clinical pharmacology, he was never
obstructive to human work; indeed he encouraged it, often
collaborating with anaesthetists, helping neurologists with the
management of myasthenia gravis and ophthalmologists with
glaucoma patients. For several years he provided a service for
the diagnosis or exclusion of phaeochromocytoma until
reliable chemical methods became available. Recognition by
his clinical colleagues with his appointment as honorary
pharmacologist to the North East District (1976) and his
MRCP (1984) gave him particular pleasure, as did the
establishment of the Hobbiger Prize for clinical pharmacol-
ogy by the medical school.

A devout Catholic, attending mass at Sunningdale most
Sundays despite the physical limitation of his amputation, he
rarely discussed religion. Politics both general and university,
he loved and these were frequent topics over half-pints of
bitter at 5.30pm on many evenings in The King & Queen. He
had a melancholic sense of humour, frequently predicting the
apocalypse of the 1980s though not believed by more
optimistic colleagues. When it arrived one sensed his
mischievous glee. He loved to relate unfortunate bad luck—
like being hit by pigeon droppings in Trafalgar Square, or
butting a police officer up the backside with his protruding
prosthesis when on the back of Jim Tait’s motorbike
negotiating Hyde Park Corner. While his English was
impeccable and many of his students only learned to write
clear unambiguous English while working on their theses, his
spoken English remained strongly accented. He could have
improved this but I suspect chose not to. He related with
relish the story of how Heller (during some controversial
discussion), remarked to Zaimis ‘Vee Breeteesh must steek
togezzer’.

Always clearly an Austrian expatriate he became a
naturalized British subject in 1956. He had approached
Samson Wright for sponsorship—but the generous Sammy
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could not help; he had become an Israeli citizen. Hobbiger
married Eluned Underhay, a biochemist at the Middlesex
Hospital Medical School, in 1956, and they had a son and
daughter, both doctors. In 1987 he suffered a stroke while
attending the Xth International Congress of Pharmacology in
Sydney. With characteristic courage he largely recovered
from this, only to develop Crohns disease. In 1993 an
extensive resection was very successful and he appeared his
old self again. His terminal illness lasted only days and
resulted from extensive vascular disease of the gut. Franz was
a man with strongly-held views, at times clashing with

colleagues on controversial issues. Described by his old
secretary, Miss Bainbridge (now 97) as a ‘Christian gentle-
man’ he was a dedicated researcher and teacher, generous
always with his time and knowledge. He is greatly missed by
his many colleagues and students who owe him so much.

Anthony W. Peck

Dept of Clinical Pharmacology,
University College London Medical School
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Reduction of vasoconstriction mediated by neuropeptide Y Y,
receptors in arterioles of the guinea-pig small intestine

IT.0. Neild & C.J. Lewis

Department of Human Physiology, Flinders University, GPO Box 2100, Adelaide 5001, Australia

Brief applications of a high-K* solution were used to evoke transient constrictions of arterioles from the
guinea-pig small intestine. Analogues of neuropeptide Y (NPY) selective for Y,-receptors reduced the
constrictions, whereas NPY or a Y,-selective analogue potentiated the constrictions. We conclude that
arteriolar smooth muscle has both Y, and Y, receptors, and suggest that Y, receptors inhibit
vasoconstriction by modulating the opening of voltage-sensitive Ca2* channels. This may be related to
the role of NPY that is present in some vasodilator nerves.

Keywords: Neuropeptide Y; Y, receptor, Y, receptor; potentiation; vasoconstrictor nerves; vasodiltor nerves; vascular smooth

muscle; arterioles; Ca?* channels

Introduction Neuropeptide Y (NPY) is found in the sympa-
thetic nerves around most arteries and it acts on the arterial
muscle to cause vasoconstriction and potentiate the responses
to other vasoconstrictor substances (Wahlestedt et al., 1990).
This action is mediated by the Y, subtype of NPY receptor
(Xia et al., 1992). Another receptor, the Y, receptor, has been
found on nerve terminals where it reduces neurotransmitter
release (Potter, 1987), probably by a reduction of Ca?* influx
through voltage-sensitive Ca>* channels (Foucart et al., 1993).
There is also some evidence that Y, receptors are present on
arterial smooth muscle, because Y,-selective agonists cause
vasoconstriction in some arteries (Tessel et al., 1993). Here we
describe experiments in which Y,-selective agonists reduced
vasoconstrictor responses to K™ acting on vascular smooth
muscle. This is a novel observation, but may be useful in ex-
plaining the role of the NPY that has been detected in many
vasodilator nerves.

Methods Guinea-pigs of either sex and weighing 200—300 g
were killed by a heavy blow to the head followed by
exsanguination. A piece of ileum was removed, slit open, and
the mucosa peeled off. A sheet of connective tissue containing
the submucous arterioles and nerve plexus was then separated
from the circular muscle and pinned out in a small chamber
with a transparent base. The preparation was viewed with an
inverted compound microscope equipped with a television
camera, and arteriole diameter was monitored by computer
analysis of the television images. This method measures
average diameter over a chosen region of arteriole less than
100 ym long.

The preparation was superfused continuously with warmed
oxygenated physiological saline, composition (mmol 1~'):
Na* 146, K* 5, Ca’* 2.5, Mg?>* 2, Cl- 134, HCO;™ 1,
glucose 11, and was equilibrated with 95%0,/5%CQ,. High
potassium solution was made by replacing 95 mmol 17! of
NaCl with KCl, to give a final K* concentration of 100 mM. It
was applied to the arteriole by pressure ejection from a
micropipette using pulses 100—400 ms in duration, or in the
superfusing solution to determine the maximum constriction
for the arteriole (Neild & Kotecha, 1989).

Drugs used were neuropeptide Y (porcine sequence,
synthesized in the Department of Biochemistry, Monash
University); PYY-(13-36), [Leu®,Pro*]NPY (Auspep, Mel-
bourne, Australia); o-conotoxin GVIA (Sapphire Bioscience,

! Author for correspondence.

Alexandria, NSW, Australia). N-acety[Leu?,Leu®']NPY-(24—
36) was a gift from Dr E.K. Potter, Prince of Wales Medical
Research Institute, Sydney, Australia.

The potentiating effect of NPY was calculated using an
index P (Xia et al., 1992) defined as:

P=(m=)/(m==)

where c is the amplitude of the control constriction, n is the
amplitude of the constriction to the same stimulus in the
presence of NPY or a selective agonist for Y, or Y, receptors,
and max is the maximum constriction of which the arteriole
is capable. P gives an index of the potentiating effect; P=1
for no effect, P>1 for potentiation and P<1 for depression.
Differences between P values were analysed by ANOVA
followed by Bonferroni test. Student’s ¢ test was used to
determine whether individual values differed from 1. A
probability value <0.05 was considered significant.

Results Brief applications of high-K* solution at 5 min
intervals gave small repeatable constrictions of the arteriole.
The amplitude of the constriction was unaffected by 30 nM -
conotoxin GVIA, showing that the K* was acting on the
arteriolar smooth muscle and not by releasing substances from
the perivascular nerves.

The constriction was slightly potentiated by a 2 min
exposure to 50 nM NPY in the superfusing solution. The
potentiation was significantly greater when 50 nM [Leu?®!,
Pro**|NPY, a Y -selective agonist (Aakerlund et al., 1990) was
used. The Y,-selective agonists, PYY-(13-36) (Wahlestedt &
Hakanson, 1986) or N-acetyl[Leu®®,Leu®'|NPY-(24-36) (Pot-
ter et al., 1994) in the same concentration (50 nM) significantly
decreased the response. Representative traces are shown in
Figure 1, and quantitation of the potentiation is summarised in
Table 1.

Discussion These experiments show that arterioles of the
guinea-pig intestinal submucosa express NPY Y, receptors in
addition to the Y, receptors described previously (Xia et al.,
1992). These Y, receptors mediate a reduction of the
constriction caused by high K*, a constriction that is due
entirely to depolarization of the smooth muscle and sub-
sequent entry of Ca?* through depolarization-activated
channels. We have previously shown that responses to
noradrenaline, which rely mainly on Ca?* release from the
internal stores, are not affected by one of the Y,-selective
agonists used here, PYY-(13-36) (Xia et al, 1992). We
therefore suggest that there are Y, receptors on the smooth
muscle which modulate the opening of voltage-sensitive Ca2*
channels, as they do in nerve terminals (Foucart et al., 1993).
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Figure 1 Traces of arteriole diameter from 3 different arterioles,
showing the effects of SO0nM neuropeptide Y (NPY) and agonists
selective for Y, and Y, receptors on constrictions caused by brief
applications of high K* solution. Each trace begins with a maximum
constriction caused by superfusion with 100mmM K™* solution (solid
bar). Subsequent small brief constrictions were evoked by application
of 100mm K* by pressure ejection from a micropipette every 5min
(@). NPY receptor agonists were applied in the superfusing solution
for 2min (open bar) prior to one application of K*.

It appears that the action of NPY on these arterioles was a
mixture of two opposing effects; a Y;-mediated potentiating
effect tending to make all vasoconstrictor responses larger, and
a Ca?* channel modulating effect mediated by Y, receptors
which will reduce only those vasoconstrictor responses that
rely on Ca?* influx. The potentiating effect of 50 nM NPY was
therefore significantly less than the potentiation caused by a Y,
agonist. The effect of other concentrations of NPY cannot be
predicted at present, as the concentration-dependence of the
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Involvement of protein kinase C in the delayed cytoprotection
following sublethal ischaemia in rabbit myocardium

G.F. Baxter, 'F.M. Goma & ?2D.M. Yellon

The Hatter Institute for Cardiovascular Studies, Division of Cardiology, University College London Hospital and Medical

School, Grafton Way, London WCI1E 6DB

Rabbit hearts were preconditioned with four 5 min coronary artery occlusions 24 h before 30 min
coronary occlusion with 120 min reperfusion. Preconditioning significantly reduced the percentage of
myocardium infarcting within the risk zone from 49.1+4.3% to 31.8+3.5% (P<0.05). When the
protein kinase C (PKC) inhibitor, chelerythrine, was administered just before preconditioning, the
delayed protection against infarction 24 h later was abolished. We conclude that the delayed
cytoprotective response associated with ischaemic preconditioning of myocardium is likely to involve

the early activation of one or more PKC subtypes.

Keywords: Ischaemic preconditioning; second window of protection; myocardial protection; ischaemia; infarction; protein kinase

C (PKC); chelerythrine

Introduction Recently, a delayed phase of resistance to
ischaemia in myocardium has been described that develops
many hours after preconditioning with transient ischaemia.
This ‘second window of protection’ (Yellon & Baxter, 1995) is
associated with infarct size reduction in the rabbit (Marber et
al., 1993; Baxter et al., 1994) and the dog (Kuzuya et al.,
1993), and with anti-arrhythmic effects in the dog (Vegh et al.,
1994). Alterations in the transcriptional regulation of
protective proteins, as part of the adaptive response to
sublethal ischaemic stress, may be involved in this late
protection (Hoshida er al., 1993; Marber et al., 1993).
Adenosine A, receptor activation during ischaemic precondi-
tioning may be an important trigger for the delayed protection
in the rabbit (Baxter et al., 1994) but the intracellular
signalling cascade is unknown. Since the A, receptor is known
to link to protein kinase C (PKC) and since PKC can regulate
gene transcription (Hug & Sarre, 1993), we tested the
hypothesis that PKC activation during preconditioning is
involved in the development of the delayed protection.

Methods The two-stage experimental protocol has been
described in detail (Baxter et al., 1994). Under anaesthesia
(‘Hypnorm’ and diazepam), male New Zealand White rabbits
(2.0-3.0 kg) underwent a midline sternotomy. Precondition-
ing was effected by four 5 min occlusions of an anterolateral
branch of the circumflex coronary artery, each separated by
10 min reperfusion. Sham-operated animals served as con-
trols. During these procedures, animals received either
chelerythrine chloride 5 mg kg™ (Calbiochem, Nottingham,
UK) or vehicle (water with 7% v/v ethanol, total volume
6 ml), administered by slow i.v. injection over S min,
beginning 8—10 min before the first coronary occlusion or
sham preconditioning period. Four experimental groups were
prepared: preconditioned + vehicle (»=7); preconditioned +
chelerythrine (n=6); sham+ vehicle (n=8); sham + cheler-
ythrine (n=5). Twenty four hours later the animals were
re-anaesthetized with pentobarbitone sodium and the cor-
onary artery was occluded for 30 min with 120 min
reperfusion. The myocardial risk volume (R) was determined
ex vivo by infusion of zinc cadmium sulphide microspheres
(Duke Scientific, Palo Alto, CA, U.S.A.) and the infarcted
zone (I) was determined with triphenyltetrazolium chloride

1 On leave from the Department of Physiology, University of Zambia
Medical School, Lusaka
2Author for correspondence.

staining (Sigma, Poole, UK). The ratio I/R was calculated.
Data were analysed with ANOVA followed by Fisher’s least
significant difference test and P<0.05 was considered as
significant.

Results The principal endpoint of protection in this study
was I/R (Figure la). I/R was reduced from 49.1+4.3% in
sham + vehicle to 31.8+3.5% in preconditioned + vehicle
(P<0.05), a reduction in infarct size constituting the second
window of protection. Chelerythrine during the sham
operation had no significant effect on infarct size 24 h later
(/R 56.9+3.6% v 49.1 £4.3% in sham + vehicle). However,
chelerythrine during preconditioning abolished the protection
24 h later (preconditioned +chelerythrine 554+8.4% v
preconditioned + vehicle 31.8+3.5%; P<0.05). Since the
rabbit is a species deficient in preformed collateral vessels,
the baseline predictors of infarct size in this model are R and
systemic haemodynamic status during the infarction proce-
dure. R was similar in all the experimental groups at around
0.8—-1.0 cm? (Figure 1b). Arterial pressure and heart rate did
not differ among the experimental groups at any time point
(Table 1).

Discussion This study extends our earlier observation of
adenosine A, receptor involvement in the delayed protection
(Baxter et al., 1994) and suggests that a PKC signalling
pathway may link adenosine receptor activation during
preconditioning to the observed cytoprotection many hours
later. These data provide the first evidence that PKC
activation is a pivotal step in the development of the delayed
protection after ischaemic preconditioning in vivo. Cheler-
ythrine has been reported to be a very potent inhibitor of
PKC (ICs, approximately 0.7 uM), showing marked selectiv-
ity for this kinase rather than other protein kinases (Herbert
et al, 1990). Little is known about other actions of
chelerythrine. For example, inhibition of hepatic alanine
aminotransferase and Na-K ATPase have been reported to
occur in the micromolar range. Thus, we cannot exclude the
possibility that non-kinase related activity of the compound
may have been involved in our observation.

Many oncogenes and transcription factors are known to
be activated by various PKC subtypes (Hug & Sarre, 1993).
We have hypothesized that alterations in the regulation of
heat stress proteins and/or anti-oxidant enzyme genes in the
preconditioned myocardium may play a role in the mediation
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of this protection (Yellon & Baxter, 1995) while Vegh et al.
(1994) have suggested that upregulation of the inducible nitric
oxide synthase and/or cyclo-oxygenase may be involved. The
nuclear translocation of activated PKC subtypes could be an
important step in the transcription or modulation of these
putative cytoprotective proteins. Evidence to support a direct
link between adenosine receptor activation and subsequent
enhancement of endogenous anti-oxidant activity has come
recently from cell culture studies by Maggirwar et al. (1994).
In addition, Yamashita ez al. (1994) showed that hypoxic
preconditioning of rat isolated cardiomyocytes resulted in
enhanced tolerance to a more prolonged hypoxic period 24 h
later. This delayed protection was associated with elevation
of Mn-SOD activity in response to hypoxic preconditioning
and was abolished by incubation with staurosporine, a
relatively non-selective protein kinase inhibitor.

In summary our results provide a further demonstration of
an infarct limiting effect 24 h after ischaemic preconditioning
in rabbit myocardium and show that this delayed protection
can be abolished by PKC inhibition with chelerythrine during
the preconditioning stimulus. Thus, it seems that the second
window of protection against infarction in the rabbit is likely
to involve the early activation of chelerythrine-sensitive PKC
subtype(s).

F.M.G. was funded by a British Council bursary. We thank the
Hatter Foundation, the Wellcome Trust and Glaxo for their
support.

Figure 1 (a) Percentage infarction of the risk zone (I/R) in rabbit
hearts subjected to 30min left coronary occlusion and 120 min
reperfusion. Twenty fours hours previously, rabbits were treated with
either chelerythrine or vehicle and were preconditioned (open
columns) or were sham-operated (solid columns). In vehicle-treated
rabbits, there was a marked reduction in infarct size in the group
preconditioned 24 h earlier. When chelerythrine was given at the same
time as preconditioning, the subsequent protection against infarction
was abolished. (b) Volume of myocardium at risk during coronary
occlusion was similar in all the experimental groups. The values given
are mean +s.e.mean for 5-8 animals. *P<0.05 (ANOVA).

Table 1 Summary of systemic haemodynamic parameters during the infarction protocol

Baseline

Sham + vehicle, n=8

HR (min’) 261+12

MAP (mmHg) 69+3
Preconditioned + vehicle, n=7

HR (min™) 236+9

MAP (mmHg) 60+3
Sham + chelerythrine, n=35

HR (min™) 256+19

MAP (mmHg) 665
Preconditioned + chelerythrine, n=6

HR (min™) 248 +21

MAP (mmHg) 68+2

29 min ischaemia

60 min reperfusion 120 min reperfusion

239+13 228+ 11 241412
55+1 57+3 57+2
234+16 230+16 22517
46+4 50+4 48+4
25018 240 +21 215+20
54+6 49+6 56+3
248 +20 252421 253+22
59+2 55+3 604

Heart rate (HR) and mean arterial pressure (MAP) were recorded continuously from a cannula placed in the right carotid artery.

Data are expressed as mean +s.e.mean.
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Effect of a new non-steroidal anti-inflammatory drug,
nitroflurbiprofen, on the expression of inducible nitric oxide

synthase in rat neutrophils
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The effects of a non-steroidal anti-inflammatory drug, flurbiprofen, and its nitro-derivative,
nitroflurbiprofen, on inducible nitric oxide synthase in rat neutrophils were examined. Nitroflurbiprofen
was shown to inhibit nitric oxide synthase induction caused by lipopolysaccharide administration, while
flurbiprofen had no effect on nitric oxide synthase induction. This inhibitory action may be ascribed to

nitric oxide released from nitroflurbiprofen.

Keywords: Nitroflurbiprofen; nitric oxide; nitric oxide synthase; neutrophil

Introduction Inflammation is a pathological event to which
nitric oxide (NO), released by NO synthase (NOS) induced in
activated macrophages, neutrophils and hepatocytes at the
injured site, seems to contribute. Some steroid hormones such
as dexamethasone were reported to be inhibitory agents of
the expression of the inducible form of NOS (Boughton-
Smith et al., 1993): this seems to account in part for the anti-
inflammatory effects of dexamethasone.

Non-steroidal anti-inflammatory drugs are widely used in
the treatment of inflammatory conditions, but gastrointestinal
lesions have often limited their clinical utilization (Carson &
Strom, 1992). Flurbiprofen (FP) is a well-established anti-
inflammatory agent having a potent pharmacological action
mostly due to its ability to inhibit cyclo-oxygenase activity,
causing a concomitant deficiency of cellular prostacyclin
content and tissue damage. Nitroflurbiprofen (NFP) is a new
anti-inflammatory drug obtained by the incorporation of a
nitroxybutyl moiety through an ester linkage to the
carboxylic group of FP; previous experiments have shown
its anti-inflammatory efficacy and good gastrointestinal
tolerability (Wallace et al., 1994).

In the present work, we investigated the possible effects of
the two non-steroidal anti-inflammatory drugs on NOS
induction in the neutrophils of lipopolysaccharide (LPS)-
treated rats.

Methods Animal treatment Female Sprague-Dawley rats
(Charles River, Italy), weighing 220240 g, were treated with
FP or NFP (10 mgkg™ body weight) suspended in
carboxymethylcellulose 0.5% and administered orally in a
volume of 1 ml 100 g~! body weight; control rats received an
equal volume of the vehicle. In rats co-treated with LPS
(5 mg kg~ body weight), it was given via the tail vein 1 h
after the drug administration. Four hours later, the rats were
killed by injection of sodium pentobarbitone (60 mg kg™!
body weight) i.p.

Neutrophil preparation Neutrophils were separated by
Ficoll-Paque density gradient centrifugation as described
previously (Mariotto et al., 1995).

! Author for correspondence.

Quantitation of nitrite/nitrate in the plasma Nitrite/nitrate
concentrations in the plasma were measured according to a
modification of a method described previously (Bartholomew,
1984): nitrate reductase prepared from E. coli ATCC 25922
(Difco) was used to convert nitrate to nitrite. Nitrite was
quantitated colorimetrically after reaction with the Griess
reagent (Green et al., 1982).

Assay of NOS activity in the neutrophils NOS activity was
estimated by measurement of the conversion of L-’HJ-
arginine to L-*H]-citrulline as described by Bredt & Snyder
(1990) with a slight modification.

Chemicals 1-[2,3,4,5-*H]-arginine monohydrochloride
(specific activity: 60 Ci mmol~'; 1 Ci=27 GBq) was from
Amersham Life Science. (6R)-5,6,7,8-tetrahydro-l-biopterin
was from Dr B Schircks Laboratories (Jona, Switzerland).
Nitroflurbiprofen was synthesized and kindly supplied by
Pharmaceutical Discovery Service (Milano, Italy).

Statistical analysis Statistical analysis of the data was
performed by one-way analysis of variance followed by
Student’s ¢ test. P<0.05 or less was considered as indicative
of a significant difference.

Results and Discussion NOS activity in the neutrophils of
control rats was undetectable under our assay conditions.
Neither FP nor NFP had any effects on the induction of
NOS activity in the neutrophils. On the other hand, NFP
treatment caused a 3 fold increase in nitrite/nitrate plasma
concentrations compared to the basal value: this indicates an
exogenous NO release from NFP and confirms recent data on
the elevation of plasma nitrite levels in vivo following NFP
administration (Wallace et al., 1994). After LPS-treatment,
NOS activity became detectable, with a 8 fold increase in
nitrite/nitrate plasma levels. When FP was co-administered,
NOS activity did not change significantly, while the plasma
nitrite/nitrate level halved compared to LPS-treated rats.
Since FP alone did not change the basal plasma nitrite/nitrate
concentration and had no effects on the induction of
neutrophil NOS, the decreased nitrite/nitrate levels observed
in rats co-treated with LPS and FP could be partially due to
the cyclo-oxygenases inhibition with production of free
radicals reacting with NO and/or to an inhibition of NOS
present in other tissues (Table 1).
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Table 1 Plasma NO, /NO;™ levels and neutrophil NOS

activity

Plasma NO; INOs~ NOS activity
Group (uM) (pmol/1 0° cells)
Controls 32.80+18.03 0
Flurbiprofen 36.08 £15.67 0
Nitroflurbiprofen 83.20£26.25(*) 0
LPS 230.00 + 88.36(**) 10.25+6.28
LPS + flurbiprofen 121.20 +£41.25(®) 11.94+6.28
LPS + nitroflurbiprofen 252.80+74.59 6.13+4.97

The values are expressed as mean+s.d. of 5-7 experi-
ments for each treatment. Student’s ¢ test: nitroflurbiprofen
vs controls, *P<0.01; LPS vs controls, **P<0.001;
LPS + flurbiprofen vs LPS, ®P <0.05.

NFP and LPS co-administration caused a marked decrease
(40%) in neutrophil NOS activity, while no change in nitrite/
nitrate plasma levels was observed; these data raise the
question of the inhibitory effect of NFP on iNOS activity.

Since NFP is hydrolyzed in vivo to FP and NO as reported
recently (Wallace et al., 1994) and as indicated also in this
work, and FP alone does not exert any inhibitory action on
neutrophil NOS induction, it seems reasonable to postulate
that the inhibitory action of NFP should be ascribed to NO
released from NFP. Our recent report on a possible
inhibition of neutrophil NOS induction by exogenous NO
derived from sodium nitroprusside (Mariotto et al., 1995)
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seems to be consistent with the present data. Furthermore,
similar results were reported recently on an inhibitory action
of NFP on iNOS in J774 cells (Cirino et al., 1994). Recent
work has pointed out a possible feedback inhibition of the
induction of iNOS expression by endogenously produced NO
(Park et al., 1994); our data do not exclude this possibility.

Another aspect should be considered concerning the
inhibition of neutrophil NOS by NFP. Recently Assreuy et
al. (1993) demonstrated a direct inhibition of iNOS by NO;
on the other hand, Cirino et al. (1994) reported that NFP did
not inhibit J774 iNOS activity. This does not exclude a
possible direct inhibition of neutrophil NOS activity by NFP
during the course of experiments.

The present data indicate the possibility that exogenous
NO derived from NFP, as endogenous NO (Park et al.,
1994), exerts an inhibitory action on iNOS expression,
probably at the transcriptional level. The nature of exogenous
NO remains to be elucidated.

According to the above description, plasma nitrite/nitrate
levels in rats receiving both NFP and LPS should result from
the balance between the following two distinct phenomena:
(1) increase in plasma nitrite/nitrate concentration after
oxidation of NO released from NFP and (2) decrease in
nitrite/nitrate concentrations caused by inhibition of NOS
induction due to NO released from NFP.

In conclusion, a novel non-steroidal anti-inflammatory
drug, NFP, seems to act as an inhibitory agent on the
induction of NOS expression in neutrophils, while its
analogue, FP, does not.
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1 Although recent observations suggest that endothelin-1 (ET-1) may play a role in the pathogenesis of
asthma, to date little is known about the effects of ET-1 on parameters other than bronchoconstriction.
The objectives of the present experiments were to study whether intravenously administered ET-1 could
exert pro-inflammatory actions in the guinea-pig lung and to assess the involvement of endothelin ET,
and ETjy receptors in these events by using the ET, receptor-selective antagonist, FR 139317, the novel
ET,/ETg receptor antagonist, bosentan and the ETy receptor-selective agonist, IRL 1620.

2 Bolus i.v. injection of ET-1 (0.1-1 nmol kg~') to anaesthetized guinea-pigs evoked dose-dependent
increases in mean arterial blood pressure which lasted for 6—12 min. This was accompanied by a
dose-dependent haemoconcentration (8—15% plasma volume losses) and increases (up to 546%) in
albumin extravasation in the trachea, upper and lower bronchi, but not in the pulmonary parenchyma.
Qualitatively similar changes were observed following i.v. injection of the ETy receptor agonist, IRL
1620 (0.3 and 1 nmol kg~'), although IRL 1620 appeared to be about 3 times less potent than ET-1. The
ET, receptor-selective antagonist, FR 139317 (2.5 mg kg~!') inhibited the ET-1 (1 nmol kg~')-induced
pressor response, haemoconcentration and albumin extravasation by 75, 77 and 60-70%, respectively,
whereas it did not attenuate IRL 1620 (1 nmol kg~')-induced changes. The ET,/ETg receptor
antagonist, bosentan (10 mg kg~') almost completely inhibited the pressor, haemoconcentration and
permeability effects of both ET-1 and IRL 1620.

3 ET-1, but not IRL 1620 (0.1-1nmol kg~!), produced a dose-dependent neutropenia with relative
lymphocytosis and monocytosis, but did not induce influx of neutrophil granulocytes into pulmonary
tissues or the bronchoalveolar space. ET-1 (1 nmol kg~')-induced neutropenia was prevented by
pretreatment of the animals with FR 139317 (2.5mgkg~'), bosentan (10 mgkg™') or adrenaline
(90 nmol kg~!'), indicating that ET-1 caused intravascular sequestration of neutrophil granulocytes.

4 ET-1 or IRL 1620 (10~'°~10~° M) alone did not activate alveolar macrophages in vitro, whereas at a
concentration of 10~*M, ET-1, but not IRL 1620, markedly potentiated superoxide production in
response to f-Met-Leu-Phe (10-°-10-7 M) and platelet-activating factor (PAF, 10-°-~10-7 M), but not to
phorbol 12-myristate 13-acetate (10~° M). ET-1 did not affect f-Met-Leu-Phe- or PAF-induced increases
in intracellular free calcium concentration. This potentiating effect of ET-1 was abolished by FR 139317
(1.5 X 1077 m).

5 We conclude that, in addition to evoking airway contractions, ET-1 exerts pro-inflammatory actions
via activation of the ET, and to a lesser extent the ETy receptors, and therefore, might contribute to the
airway inflammation present in asthma. These findings also suggest the therapeutic potential of ETA/ETs
receptor and perhaps ET, receptor-selective antagonists in this disease.

Endothelin-1; ET, and ETjy receptors; FR 139317; bosentan; IRL 1620; vascular permeability; neutropenia;

neutrophil sequestration; superoxide; alveolar macrophages; inflammation; asthma

Introduction
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Recent observations suggest that an increased intrapul-
monary production of endothelin-1 (ET-1) may specifically
occur in asthma. The bronchial epithelium of asthmatic
patients has been found to express preproendothelin-1
mRNA (Vittori et al., 1992), to contain endothelin
immunoreactivity (Springall ez al., 1991) and to release high
amounts of ET-1 (Mattoli et al., 1990; Vittori et al., 1992).
Furthermore, elevated concentrations of ET-1 in the bron-
choalveolar lavage fluid from patients with symptomatic
asthma have also been detected (Nomura et al., 1989; Mat-
toli et al., 1991). The high potency of ET-1 in inducing
contraction of airway smooth muscle both in vivo and in vitro
(for recent reviews see Filep, 1993; Hay et al., 1993a) led to
the assumption that it plays a pathophysiological role in
asthma. To date, the existence of at least two distinct sub-
types of endothelin receptors has been demonstrated in mam-
malian cells (Arai et al., 1990; Sakurai et al., 1990): one is
highly selective for ET-1 (ET,), and the other is equally

! Author for correspondence.

sensitive to isopeptides of the endothelin family (ETg). ET-1
appears to elicit airway contractions via ET, receptors in the
sheep (Abraham et al., 1993), whereas both ET, and ETs
receptors mediate ET-1-induced contractions in guinea-pig
airways (Cardell et al., 1993; Hay et al., 1993b) and rat
trachea (Henry, 1993).

Although airway smooth muscle contraction is the most
obvious symptom and an important component of asthma,
several clinical observations have provided evidence that
inflammation is the basis of the disease (cf. Holgate et al.,
1992). These pathologies involve increased microvascular
permeability and oedema formation (McFadden, 1992) and
influx and activation of inflammatory cells (Holgate et al.,
1992; Lee & Lane, 1992) even at a clinically early stage of the
disease (Laitinen et al., 1993). To date, however, little in-
formation is available on the pro-inflammatory actions of
ET-1. Previous studies have reported that ET-1 activates a
subpopulation of human alveolar macrophages (Haller et al.,
1991), stimulates oxygen radical formation in the distal rat
lung (Nagase et al., 1990) and can enhance albumin extra-
vasation in certain vascular beds in the rat (Filep et al., 1991;
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1992). The present experiments were designed to study
whether or not ET-1 could affect (1) pulmonary microvas-
cular albumin extravasation, (2) influx of inflammatory cells
into pulmonary tissues and airspace and (3) activation of
alveolar macrophages in the guinea-pig. In addition, the
involvement of ET, and ETj receptors was assessed in these
events by use of a highly selective, competitive ET, receptor
antagonist, FR 139317 (Aramori et al., 1993; Sogabe et al.,
1993), a non-peptide ET,/ETy receptor antagonist, bosentan
(Clozel et al., 1994) and the ETjy receptor-selective agonist,
IRL 1620 (Takai et al., 1992).

Methods

In vivo experiments

Male Dunkin-Hartley guinea-pigs weighing 360-420 g (Char-
les River Canada Inc., St. Constant, Qué., Canada) were
anaesthetized with pentobarbitone sodium (37.5mgkg~!,
i.p.), the trachea was cannulated and catheters were inserted
into the left jugular vein and carotid artery. Mean arterial
blood pressure (MABP) was monitored continuously by an
electromanometer (Digi-Med, Louisville, KY, U.S.A.) using
a COBE CDX III pressure transducer. After control
measurements, ET-1 (0.1, 0.3 or 1 nmol kg~') or IRL 1620
(0.3 or lnmolkg™') was injected iv. in a volume of
50 ul kg~' body weight. Ten min before and after ET-1 or
IRL 1620 administration, blood (approximately 400 ul) was
obtained through the arterial catheter to determine the
haematocrit and total and differential blood cell counts. A
group of animals were either pretreated with FR 139317
(2.5mgkg~") or bosentan (10 mgkg~') for 10 min before
injection of ET-1 (1 nmol kg™') or IRL 1620 (1 nmol kg~?).
Another group of animals received adrenaline (90 nmol kg~!,
i.v.) together with ET-1 (1 nmolkg~'). The animals were
killed 10 or 20 min after injection of ET-1, and either bron-
choalveolar lavage was performed for analysis of bron-
choalveolar resident cells or the lungs were immediately
removed for the determination of tissue myeloperoxidase
activity. In separate experiments, the effects of ET-1 and IRL
1620 on pulmonary albumin extravasation were studied by
using Evans blue dye as a marker of vascular permeability
(see below). In an additional group of guinea-pigs, the pul-
monary permeability effects of platelet-activating factor
(PAF, 0.9 nmolkg~') were compared in the absence and
presence of FR 139317 (2.5mgkg~') or bosentan (10 mg
kg~"). All procedures were in accordance with the Guidelines
of the Canadian Council of Animal Care and were approved
by the local Animal Care Committee.

Measurement of albumin extravasation

Albumin extravasation was estimated by measuring tissue
accumulation of Evans blue dye, which binds to plasma
albumin (Rawson, 1943) as described previously (Filep et al.,
1991). In brief, Evans blue dye (20 mgkg~!, 25mgml~! in
0.9% NaCl) was injected i.v. together with ET-1, IRL 1620
or their vehicle (0.9% NaCl). Ten min later, the thorax was
cut open and the lungs were perfused with 40 ml 0.9% NaCl
through a catheter inserted into the pulmonary vein. Then
the trachea, upper bronchi (airways extending from the bifur-
cation of the trachea to its entry to parenchyma), lower
bronchi (defined as major airways surrounded by paren-
chyma that can be easily dissected without magnification)
and peripheral parenchyma strips were prepared. Tissue
Evans blue dye content was measured spectrophotometrically
at 650 nm following extraction with formamide (4 ml per g
wet tissue weight at 24°C for 24 h) and was expressed as pg
dye per g dry tissue weight to avoid underestimation of
changes due to oedema formation. Previous studies have
shown highly significant correlation between the tissue con-

tent of Evans blue dye and radiolabelled human serum
albumin in guinea-pig airways (Rogers et al., 1989).

Mpyeloperoxidase assay

Myeloperoxidase activity, a marker of neutrophil granulocyte
infiltration (Krawisz et al., 1984; Mullane et al., 1985), was
measured in lung tissues according to the method of Krawisz
et al. (1984). In brief, tissue samples were homogenized and
sonicated in phosphate buffer (50 mM, pH 6.0) containing
0.5% hexadecyltrimethyl ammonium bromide, frozen at
—70°C and thawed three times, then centrifuged at 40,000 g
for 15 min. Myeloperoxidase activity in supernatants was
measured by changes in optical density (at 460 nm) resulting
from decomposition of H,0, in the presence of O-dianisidine.
Myeloperoxidase from human leukocytes (EC 1.11.1.7) was
used as a standard.

Absolute and differential cell counts

Total red blood cell, white blood cell and platelet counts
were obtained from the arterial blood. Absolute cell counts
were performed with a Coulter JT3 Automated Haematology
Analyzer (Hialech, FL, U.S.A.). White blood cell differential
counts were performed on samples stained with Wright’s
stain. One hundred cells were counted at X 1000 magnifi-
cation with a microscope and classified as segmented neut-
rophils, lymphocytes, monocytes, eosinophils and basophils.

Bronchoalveolar lavage

Three times 15 ml of phosphate-buffered saline (in mM: NaCl
140, KClI 2.7, Na,HPO, 0.8 and KH,PO, 1.5) at 37°C, pH 7.4
were gently instilled into the lungs, withdrawn, collected and
centrifuged with 400 g at 4°C for 10 min. The pellet was
resuspended in 2 ml phosphate-buffered saline and examined
for cell content.

In vitro experiments

Alveolar macrophages were prepared from untreated guinea-
pigs as described previously (Foldes-Filep et al., 1992). In
brief, the cells obtained by bronchoalveolar lavage were
layered onto 50% continuous Percoll (Pharmacia, Uppsala,
Sweden). After centrifugation at 400 g for 30 min, alveolar
macrophages were collected from the top of the Percoll
gradient, washed and resuspended in ice-cold Hanks’
balanced salt solution (HBSS) without Ca?* and Mg?*. Cell
viability was higher than 95% as determined by trypan blue
exclusion and macrophage purity was always greater than
98% (estimated following Wright staining). The con-
taminating cells were lymphocytes and neutrophil granu-
locytes.

Measurement of superoxide production

Superoxide production was measured as superoxide dismut-
ase-inhibitable reduction of ferricytochrome ¢ (Foldes-Filep
et al., 1992). Alveolar macrophages (10° cells ml~') were
incubated with FR 139317 (1.5 X 10-7 M) or its vehicle for
10 min at 37°C in HBSS supplemented with 1.1 mM CaCl,
and 0.6 mM MgSO,, then ET-1 (10~°-10-¢* M) was added
for Smin. The cells were challenged with f-Met-Leu-Phe
(10~°-10-" M), platelet-activating factor (PAF, 10-°~10-" M)
or phorbol 12-myristate 13-acetate (PMA, 10~° M) for 30 min
in the presence of ferricytochrome ¢ (240 pg ml~'), with or
without superoxide dismutase (100 ug ml~!). FR 139317 was
in contact with the cells for the entire experiment. The
amount of superoxide generated was calculated using the
extinction coefficient of 21.1 X 10°M~'cm™! at 550 nm for
the reduced cytochrome c¢. At the concentration of
100 pg ml~!, superoxide dismutase attenuated superoxide
generation by more than 98% in this system.
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Measurement of intracellular free calcium concentration

Intracellular free calcium was measured by loading alveolar
macrophages with the fluorescent dye fure 2/AM, 1uM for
20 min at 37°C. After washing, the cells were incubated for
15 min at 37°C to allow complete hydrolysis of the entrapped
ester. Loaded cells (3 X 10° ml~") were resuspended in HBSS-
HEPES buffer (in mM: NaCl 137, KCl 5.36, Na,HPO, 0.33,
KH,PO, 0.44, CaCl, 1.6, MgSO, 1.2, HEPES 10 and glucose
5.5) and were incubated with various concentrations of ET-1
(10-°-10-°*M) and challenged with f-Met-Leu-Phe (10~7 M)
or PAF (10-7 M). Fluorescence was measured with an LKB
fluorescence spectrophotometer (Turku, Finland) with an
excitation wavelength of 340 nm and an emission wavelength
of 500 nm. Intracellular free calcium concentrations were
calculated according to the method of Tsien er al. (1982).

Drugs and chemicals

ET-1 and IRL 1620 (Suc-[Glv®, Ala'""*lendothelin-1(18-21)
were synthesized in our laboratories using solid phase
methodology. The purity of the preparations was greater
than 97% as measured by high performance liquid chromato-
graphy. FR 139317 ((R)2-{(R)-2-[(5)-2-[[1-(hexahydro-1H-
azepinyl)]carbonyl]Jamino-4-methylpentanoyl]amino-3-[3-(1-
methyl-1H-indoyl)]propionyl] amino-3-(2-pyridyl) propionic
acid, Fujisawa Pharmaceutical Co., Osaka, Japan) was dis-
solved in 0.9% NaCl. Bosentan (Ro 47-0203, 4-tert-butyl-
N-[6-(2-hydroxy-ethoxy)-5-(2-methoxy-phenoxy)-2,2" bipyrim-
idin- 4-yl]-benzene-sulphonamide sodium salt, Hoffmann-
LaRoche, Basel, Switzerland) was dissolved in distilled water
containing 300 mM glucose. PAF (1-O-hexadecyl-2-O-acetyl-
sn-glycero-3-phosphorylcholine) was purchased from Cal-
biochem, La Jolla, CA, U.S.A. All other chemicals were
purchased from Sigma Chemical Co., St. Louis, MO, U.S.A.

Data analysis

Results are expressed as means * s.e.mean. Changes in
plasma volume were calculated according to the formula
Aplasma volume (%) = (100/100-Hct;) X ((Hct;-Het)/Hcty) X
100, where Hct; and Hct; are the haematocrit values obtained
10 min before (initial or control) and 10 min after (final Hct)
injection of ET-1, respectively.

Statistical analysis of the data was performed by one way
analysis of variance using ranks (Kruskal-Wallis test) fol-

lowed by Dunn’s multiple contrast hypothesis test (Dunn,
1964) to compare various treatments to the same control,
and by Wilcoxon’s signed rank test and Mann-Whitney’s U
test for paired and unpaired observations, respectively. A
P<<0.05 level was considered significant for all tests.

Results

Effects of FR 139317 and bosentan on vascular
responses to ET-1

As expected, bolus i.v. injection of ET-1 (0.1-1 nmol kg™')
evoked dose-dependent increases in MABP (Table 1). MABP
reached a maximum within 50-110s, then returned to
baseline values in the next 6—12 min. The pressor response
was not preceded by transient hypotension. The pressor
action of ET-1 was accompanied by dose-dependent increases
in haematocrit (Table 1). Following injection of ET-1, 0.1,
0.3 and 1 nmol kg~!, the haematocrit increased by 5, 8 and
10%, respectively, .corresponding to 8, 12 and 15% plasma
volume losses, respectively. Neither FR 139317 (2.5 mg kg~!)
nor bosentan (10 mgkg~') by itself produced significant
changes in MABP and haematocrit. FR 139317 (2.5 mgkg™")
attenuated both the vasopressor and haemoconcentration
actions of ET-1 (1 nmolkg~') by about 75% (Table 1).
Increasing the dose of FR 139317 to 10 mgkg~! did not
cause further inhibition of the pressor effect of ET-1. Both
the peak pressor and haemoconcentration effects of ET-1
(1 nmol kg~') were inhibited on average by 93 and 95%,
respectively, following bosentan (10 mg kg~!) (Table 1). The
maximum inhibition of the pressor and haemoconcentration
effects of ET-1 that can be achieved with bosentan was
significantly greater (P <0.05) than that observed following
FR 139317 treatment.

Injection of ET-1 (0.3 or 1 nmol kg~!) increased up to 373,
546 and 264% tissue Evans blue dye content in the trachea,
upper and lower bronchi, respectively, but not pulmonary
parenchyma, in a dose-dependent manner (Figure 1). FR
139317 (2.5mgkg~") reduced the extravasation of Evans
blue dye elicited by ET-1 (1 nmol kg~') by 70, 61 and 69% in
the trachea, upper and lower bronchi, respectively (Figure 1).
Furthermore, ET-1 (1 nmol kg~!)-induced albumin extravasa-
tion in these tissues was reduced on average by 95, 93 and
85%, respectively, in the presence of bosentan (10 mg kg~')
(Figure 1). Neither FR 139317 nor bosentan by itself affected

Table 1 Effects of FR 139317 and bosentan on endothelin-1 (ET-1) and IRL 1620-induced changes in mean arterial blood pressure
(MABP), haematocrit and plasma volume in anaesthetized guinea-pigs

Haematocrit (vol. %)

Maximum
increase
Basal MABP in MABP 10 min before 10 min after Aplasma volume

n (mmHg) (mmHg) injection of ET-1 P (%) P
Vehicle 7 742 - 38.8+£0.9 39.0+04 - -07%21 -
ET-1, 0.1 nmol kg~! 6 715 3+£0.5 38.2+0.7 40.3£0.5 0.05 -83%15 0.05
ET-1, 0.3 nmol kg~' 3 70+3 13+ 2% 384%09 415+1.0 0.05 -120%1.6 0.05
ET-1, 1 nmol kg~! 7 722 29 & 5** 38.5+£0.9 424+06 0.05 -149+17 0.01
FR 139317 4 692 1+1 38.8+0.9 39.6 £0.5 NS -26%+22 NS
FR 139317 plus ET-1, 1 nmol kg~! 5 69t 1 TE 1+ 39.3+£09 40.1£1.0 0.05 —-35£0.5** 0.05
Bosentan 3 73+2 1+1 3841 0.6 38.6+0.6 NS -0.7%£09 NS
Bosentan plus ET-1, 1 nmol kg~' 3 733 2+ 3%+ 38.5%0.6 388+04 NS -14%09** NS
IRL 1620, 0.3 nmol kg~' 4 727 62 38.4%0.7 39.0+0.4 NS -2.1%09 NS
IRL 1620, 1 nmol kg~! 4 74t38 102 387104 409+04 0.05 -87%15 0.05
FR 139317 plus IRL 1620, 1 nmol kg~! 3 708 9+3 376104 399+04 005 -9.0%24 0.05
Bosentan plus IRL 1620, 1 nmol kg~' 3 693 1£1 380+ 1.2 384+08 NS -15%16 NS

Values are means * s.e.mean. FR 139317 (2.5 mg kg~') or bosentan (10 mg kg~') was injected i.v. 10 min before administration of

ET-1 or IRL 1620.

**p <0.01, compared to ET-1 (1 nmol kg~') by Mann-Whitney’s U test.

2Compared to haematocrit values before injection of ET-1 by Wilcoxon’s signed rank test; *compared to vehicle by Dunn’s multiple

contrast hypothesis test.
NS, not significant.
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significantly accumulation of Evans blue dye in the vascular
beds studied (Figure 1).

The magnitude of ET-1 (1 nmol kg~')-induced albumin
extravasation in the trachea, upper and lower bronchi was
similar to that evoked by PAF (0.9 nmol kg~') (Figure 2).
There were no significant differences in the permeability
effects of PAF in the absence and presence of FR 139317
(2.5mgkg™") or bosentan (10 mgkg~') (Figure 2).

Effects of FR 139317 and bosentan on vascular
responses to IRL 1620

Bolus i.v. injection of the ETy receptor-selective agonist, IRL
1620 (0.3 or 1 nmol kg~') produced dose-dependent pressor
responses (Table 1) that were not preceded by a transient
depressor action. The duration of the pressor effect of IRL
1620 was shorter (4—8 min) than that of equimolar doses of
ET-1. On a molar basis, IRL 1620 was about 3 times less
potent than ET-1. Following injection of IRL 1620, 0.3 and
1 nmol kg~! the haematocrit increased by 2 and 6%, respec-
tively, corresponding to 2 and 9% decreases in plasma
volume, respectively (Table 1). FR 139317 (2.5 mg kg~!) did
not affect IRL 1620 (1 nmol kg~')-induced changes in MABP
and plasma volume, whereas bosentan (10 mg kg~!) inhibited
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both the pressor and haemoconcentration effects of IRL 1620
by 93 and 95%, respectively (Table 1).

Like ET-1, injection of IRL 1620 (0.3 or 1 nmol kg~!) also
evoked dose-dependent increases (up to 392%) in albumin
extravasation in the trachea, upper and lower bronchi, but
not pulmonary parenchyma (Figure 3). IRL 1620 (1 nmol
kg~')-induced changes in tissue Evans blue dye content were
not affected significantly by FR 139317 (2.5mgkg™")
pretreatment, whereas they were almost completely prevented
by bosentan (10 mg kg~!') (Figure 3).

ET-1-induced neutropenia

In arterial blood, ET-1 (0.1-1 nmol kg~') caused a signifi-
cant dose-dependent neutropenia without significant changes
in red blood cell and platelet counts within 10 min (Table 2).
White blood cell count decreased from 5.5+ 0.4 x 10° cells
pl=! to 2.5+ 0.4 x 10° cells pl~! and 2.9 + 0.4 x 10° cells pl~!
10 and 20 min after injection of ET-1 (1 nmol kg~'), respec-
tively. The leukopenia was characterized by a sharp decrease
in the percentage of neutrophil granulocytes with a con-
comitant increase in the percentage of lymphocytes and
monocytes (Table 2). Guinea-pigs receiving an injection of
either vehicle or IRL 1620 (0.3 or 1nmolkg-!) did not
experience a decrease in circulating leukocytes (Table 2).
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Figure 1 Effects of the ET, receptor-selective antagonist, FR 139317 and the ET,/ETj receptor antagonist, bosentan on
endothelin-1 (ET-1)-induced albumin extravasation in guinea-pig airways. The animals were pretreated with FR 139317 (FR,
2.5mgkg™"), bosentan (Bos, 10 mgkg~") or 0.9% NaCl (control, C) for 10 min before i.v. bolus injection of ET-1 (ET, 0.3 or
1 nmol kg~!) plus Evans blue dye (20 mg kg~'). The guinea-pigs were killed 10 min after injection of ET-1 and the lungs were
perfused with 0.9% NaCl via the pulmonary artery. The permeability measurements were made 15 min after injection of ET-1.
Values are means with s.e.mean. n =7 for control, n =6 for ET-1 (1 nmolkg-'), n=5 for ET-1 (0.3 nmol kg~') and FR 139317
plus ET-1 (1 nmolkg~') and n=4 for FR 139317, bosentan and bosentan plus ET-1 (1 nmolkg~'). *P<<0.05; **P<0.01
(compared to control by Dunn’s multiple contrast hypothesis test).
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Effects of FR 139317, bosentan and adrenaline on
ET-1-induced neutropenia

The mechanisms of ET-l-induced neutropenia were inves-
tigated by administering FR 139317 (2.5 mg kg~'), bosentan
(10 mg kg~") or adrenaline (90 nmol kg~') before injection of
ET-1 (1 nmol kg~!). Pretreatment of the animals with either
FR 139317 or bosentan almost completely prevented ET-1-
induced neutropenia (Table 2). White blood cell counts were
54+£03x10° 50£0.4x10° and 5.8 £0.3 x 10° cells pul~!
20 min before and 10 and 20 min after injection of ET-1 in
animals pretreated with FR 139317, respectively (n =15,
P> 0.3, Kruskal-Wallis test). No significant changes could be
detected in white blood cell counts in response to ET-1 in
animals pretreated with bosentan (white blood cell counts
were 5.6+ 0.8 x 10°, 5.7+ 0.6 X 10° and 5.3+ 0.7 x 10° cells
pl=! 20 min before and 10 and 20 min after injection of ET-1,
respectively, n =3, P>0.6, Kruskal-Wallis test). Similarly,
adrenaline administered at the same time as ET-1 abrogated
ET-1-induced neutropenia at 10 min (Table 2) and actually
resulted in a slight neutrophilia at 20 min (white blood cell
counts were 5.2%0.3x10° and 6.0% 0.2 x 103 cells pl~!
10 min before and 20 min after injection of ET-1, respec-
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tively, n =5, P<0.05). FR 139317 or bosentan alone did not
cause significant changes in blood cell counts 20 min after its
administration.

Effect of ET-1 on pulmonary neutrophil infiltration

In order to investigate whether ET-1 could induce influx of
neutrophils from the circulation into the bronchoalveolar
space and pulmonary tissues, bronchoalveolar lavage was
performed and tissue myeloperoxidase activity was measured
in separate animals receiving ET-1 (1 nmol kg~!') or its vehi-
cle. Bronchoalveolar lavage yielded 10 £ 2 x 10%cells (n=17)
in control animals, and 9 £ 2 x 10° cells (n = 6, P>0.9) and
914 x 10%cells (n =5, P>0.8) 10 and 20 min after injection
of ET-1 (1 nmol kg™'), respectively. Of these cells 95-97%,
1-3%, 1-2% and 1-2% were alveolar macrophages, neut-
rophil granulocytes, lymphocytes and eosinophils, respec-
tively, and no significant differences could be detected among
the groups. Myeloperoxidase activity in the pulmonary
parenchyma was 108 £ 28, 130+ 17 and 128 £ 25ug™' dry
tissue weight in control animals and 10 and 20 min after i.v.
injection of ET-1 (1 nmol kg™'), respectively (n=4, P>0.8,
Kruskal-Wallis test).
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Figure 2 Effects of the FR 139317 and bosentan on IRL 1620-induced albumin extravasation in guinea-pig airways. The animals
were pretreated with FR 139317 (FR, 2.5 mg kg~'), bosentan (Bos, 10 mg kg=") or 0.9% NaCl (control, C) for 10 min before i.v.
bolus injection of IRL 1620 (IRL, 0.3 or 1 nmol kg~") plus Evans blue dye (20 mg kg~"). The guinea-pigs were killed 10 min after
injection of IRL 1620 and the lungs were perfused with 0.9% NaCl via the pulmonary artery. The permeability measurements were
made 15 min after injection of IRL 1620. Values are means with s.e.mean shown by vertical lines. n = 7 for control, n = 6 for IRL
1620 (1 nmol kg='), n = 4 for the other groups. *P <0.05; **P <0.01 (compared to control by Dunn’s multiple contrast hypothesis

test).
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Effects of ET-1 on superoxide production by alveolar
macrophages

ET-1 or IRL 1620 (107'°-10~®M) alone neither induced
superoxide production by alveolar macrophages nor affected
lactate dehydrogenase release (lactate dehydrogenase release
was similar in macrophages incubated with saline, IRL 1620,
107¢M or ET-1, 10~°M, and never exceeded 2% of the total

cellular lactate dehydrogenase content). For instance, uns-
timulated macrophages reduced 11 1 nmol ferricytochrome
c per 5% 10°cells 30 min~! (n=28) versus 13+ 2 nmol fer-
ricytochrome ¢ reduction per 5 X 10°cells 30 min~' in the
presence of 10°M ET-1 (n=6, P>0.1). However, ET-1
(10~% M), but not IRL 1620, significantly enhanced superox-
ide production evoked by f-Met-Leu-Phe or PAF when
alveolar macrophages were preincubated with ET-1 for
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Figure 3 Lack of effect of the FR 139317 and bosentan on PAF-induced albumin extravasation in guinea-pig airways. The
animals were pretreated with FR 139317 (FR, 2.5 mgkg™'), bosentan (Bos, 10 mg kg~') or 0.9% NaCl (control, C) for 10 min
before i.v. bolus injection of PAF (0.9 nmol kg~') plus Evans blue dye (20 mg kg~"). The guinea-pigs were killed 10 min after
injection of PAF and the lungs were perfused with 0.9% NaCl via the pulmonary artery. The permeability measurements were
made 15 min after injection of PAF. Values are means with s.e.mean shown by vertical lines. n = 6 for control, n = 4 for all other
treatments. *P <0.05 (compared to control by Dunn’s multiple contrast hypothesis test).

Table 2 Endothelin-1 (ET-1)-induced changes in red blood cell count (RBC), platelet count, white blood cell count (WBC) and white
blood cell differential counts in guinea-pig arterial blood, and prevention by FR 139317, bosentan and adrenaline

RBC Platelets WBC
n (X 10°pY) (X 10°p-Y) (X 103 pl=Y)

Vehicle 7 49102 345+18 58%04
ET-1, 0.1 nmol kg~! 4 49%0.1 353+33 4.8+0.3
ET-1, 0.3 nmol kg~'! 4 51%02 378+ 11 34%0.3*
ET-1, 1 nmol kg~! 7 52%0.2 382137 2.5+ 0.4**
IRL 1620, 0.3 nmolkg=' 4 4.8%0.1 329+30 55£0.5
IRL 1620, 1 nmol kg~! 4 49101 378+t 14 52+04
FR 139317 4 50x0.1 31040 5.2%0.2
FR 139317 plus ET-1, 5 52%02 376 £26 5.0+ 0.4%*

1 nmol kg~!
Bosentan 3 48102 315£52 55%0.2
Bosentan plus ET-1, 3 48+*03 317£19  5.7t0.6%*

1 nmol kg~!
Adrenaline 5 49%0.2 301 £ 31 56+04
Adrenaline plus ET-1, 5 50to0.1 313+ 15 5.710.2%*

1 nmol kg~!

Lymphocytes  Neutrophils ~ Monocytes  Eosinophils Basophils
(%) (%) (%) (%) (%)
603135 321140 69103 06+03 04103
650 1.6 228+ 14 9.8+08 1.5+03 1.0%04
713114+ 16.0 £ 1.3* 11.8 £ 0.9* 08+05 0503
7541£2.2* 13.1+1.8* 10.7£0.7* 04102 0402
63.0%£22 286+ 1.8 79209 08+0.1 04%03
58.5+29 3281+3.0 86+ 1.1 0301 02%02
61.5+2.1 305+1.8 6.5+ 0.6 1.0+04 0.5%03
59.6 £3.0%* 314123** 84+1.0 04+02 02%0.2
59.6% 1.1 325%1.5 7107 0.6+03 0.2*0.1
623%+2.1%* 298+ 18%* 7.1+0.5 06+03 0.2*0.1
60.6 £ 3.6 32434 62104 08+04 02102
57.8+38%% 348134%* 60%0.3*% 10103 04£02

Values are means * s.e.mean. The animals were pretreated with FR 139317 (2.5 mgkg™' i.v.) or bosentan (10 mg kg~' i.v.) for 10 min
before administration of ET-1. Adrenaline (90 nmol kg~!) was injected together with ET-1.
*Pp<0.05; **P<0.01 (compared to vehicle), *P<0.05; *¥P<0.01 (compared to 1 nmol kg-! ET-1 by Dunn’s multiple contrast

hypothesis test).
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Figure 4 Potentiation by ET-1 of f-Met-Leu-Phe and PAF-induced superoxide production by guinea-pig alveolar macrophages.
Macrophages (10° cells ml~') were preincubated with FR 139317 (FR, 1.5 X 10" M) or 0.9% NaCl for 10 min at 37°C, then
endothelin-1 (ET, 10-2 M), IRL 1620 (10-% M) or their vehicle (0.9% NaCl) was added for 5 min. The cells were then challenged
with (a) f-Met-Leu-Phe, (b) PAF or (c) phorbol 12-myristate 13-acetate (PMA, 10~° M) for 30 min in the presence of ferricyto-
chrome ¢ with or without superoxide dismutase. Superoxide production is reported as net release (i.e. the amount released by
challenged cells minus the amount released by identically handled but untreated and unchallenged cells). Basal superoxide release
was 11 £ 1 nmol O, per 5 x 10° cells 30 min~' (n = 8) in the absence of any agonists. Values are means with s.e.mean for four to
eight separate experiments. *P <0.05 compared to control by Dunn’s multiple contrast hypothesis test.



234 J.G. Filep et al

Endothelin-1 and airway inflammation

10 min at 37°C (Figure 4a,b). Preliminary experiments
showed that the maximal enhancement of superoxide
production can be observed under these conditions. The
potentiating effect of ET-1 was completely inhibited by pre-
incubation of the cells with FR 139317 (1.5 x 10~" M) for
1 min before addition of ET-1 (Figure 4a,b). FR 139317
alone neither stimulated superoxide production (12 £ 1 nmol
O,” per 5% 10°cells 30 min~!, n=8, P>0.1 compared to
unstimulated cells) nor modified PAF or f-Met-Leu-Phe-
induced superoxide production (Figure 4a,b). Superoxide
production elicited by PMA, 10-°M did not differ sig-
nificantly in the absence and presence of ET-1, 10~*M
(Figure 4c).

Basal [Ca’*]; values of alveolar macrophages loaded with
fura-2 ranged from 63 to 112 nM with a mean of 83 + 4 nM
(n=11). No significant changes were detected when ET-1
(10~'°-10-6M) was applied to macrophages in the presence
of 1 mM extracellular calcium. Furthermore, ET-1 did not
potentiate f-Met-Leu-Phe or PAF-induced increases in
[Ca?*];. For instance, [Ca?*]; rose from 79 6 nM to 144 * 14
nM and to 146 £ 14 nM (n = 5) in response to f-Met-Leu-Phe
(10-7M) in the absence and presence of ET-1 (10-% M),
respectively, and [Ca?*]; rose from 86+ 6 nM to 118 £ 11 nM
and 1228 nM (n=6) in response to PAF (10~7 M) in the
absence and presence of ET-1 (10~% M), respectively.

Discussion

This study indicates that, by inducing intravascular sequest-
ration of neutrophil granulocytes, modulating activation of
alveolar macrophages and enhancing microvascular albumin
extravasation, ET-1 is a pro-inflammatory mediator and/or
modulator of the pulmonary inflammatory response in
guinea-pigs and also provide evidence for the involvement of
ET, and ETg receptors in mediating these actions of ET-1.

Confirming previous observations (Macquin-Mavier et al.,
1989), the present study also showed the monophasic pressor
action of ET-1 in the guinea-pig. The pressor response to
ET-1 was substantially, though never completely, inhibited
by FR 139317, a highly selective ET, receptor antagonist,
whereas almost complete inhibition was observed with the
ETA/ETg receptor antagonist, bosentan. FR 139317 has been
reported to be 7000 times more potent in inhibiting the
binding of ET-1 to ET, than ETg receptors in vitro (Aramori
et al., 1993; Sogabe et al., 1993). At the dose used, FR
139317 appeared to be a selective ET, receptor antagonist in
vivo, as it did not inhibit the responses to the ETy receptor-
selective agonist, IRL 1620 in the guinea-pig. Bosentan has
been shown to antagonize the specific binding of ET-1 on
ET, (human umbilical vein vascular smooth muscle cells) as
well as on ETjy receptors (microsomal membranes from
human placenta) with similar K; values (Clozel et al., 1994).
These observations indicate that similarly to the rat (IThara er
al., 1992; Filep et al., 1992), both ET, and ETj receptors are
involved in the generation of a pressor effect in the guinea-
pig. The findings that the ETg receptor-selective agonist, IRL
1620 also evoked increases in MABP lend further support to
this notion.

Bolus injection of ET-1 resulted in a dose-dependent
haemoconcentration that was almost completely inhibited by
bosentan and significantly, though not totally, attenuated by
FR 139317. ET-1 also enhanced albumin extravasation in the
trachea, upper and lower bronchi, but not in the pulmonary
parenchyma in a dose-dependent fashion. The effects of
1 nmolkg~! ET-1 were comparable to those elicited by
0.9 nmol kg~' PAF. The present results clearly show that the
permeability enhancing effect of ET-1 is mediated through
both ET, and ETj receptors as (a) ET, receptor blockade
caused only 60—70% inhibition of the ET-1-induced albumin
extravasation in the large airways, (b) ET,/ETg receptor
blockade with bosentan resulted in significantly greater
degree of inhibition of ET-1-induced albumin extravasation

than FR 139317 and (c) selective activation of ETy receptors
with IRL 1620 also led to enhanced albumin accumulation in
the trachea, upper and lower bronchi. The lack of effect of
bosentan or FR 139317 on PAF-induced albumin extravasa-
tion would exclude a non-specific protective effect of these
compounds on endothelial cells. In the present experiments,
parallel changes were observed in albumin extravasation and
MABP. However, the increase in blood pressure, per se,
could not be the basis for the observed albumin extravasa-
tion. Indeed, the mediator-stimulated increase in albumin
extravasation is thought to be attributable primarily to
induction of interendothelial gap formation exclusively in the
venules (Grega et al., 1986). This leads to opening of the
variable large-pore system, the dominant macromolecular
transport pathway operant in inflammation (Grega et al.,
1986). Although activation of this transport pathway appears
to be independent of haemodynamic changes, elevation of
microvascular hydrostatic pressure can promote protein
infiltration if large pores are open (Grega et al, 1986).
Although we did not measure pulmonary microvessel hydro-
static pressure, one may assume that ET-1 could increase
microvascular hydrostatic pressure, as it is a considerably
more potent constrictor of venous than arterial vessels (Yang
et al., 1989; Warner, 1990). However, this alone would not
lead to enhanced albumin extravasation. The increased
permeability to water but not to protein over pulmonary
venous pressure from 20 to 105 Torr in dog isolated perfused
lungs (Ehrhart & Hofman, 1992) indicates that permeability
to water and protein can change independently, and is
counter to the theory that elevated vascular pressure
‘stretches’ vascular pores. Given that ETg receptors pre-
dominate on vascular endothelial cells (Hosoda et al., 1991),
ET-1 and IRL 1620 may induce gap formation directly via
activation of ETjp receptors or through release of secondary
mediators such as platelet-activating factor (Filep et al.,
1991) or thromboxane A, (Filep et al., 1994) or both. Release
of secondary mediators may be mediated via ET, receptors
as has been reported for the rat coronary circulation (Filep et
al., 1994). Regardless of the mechanisms underlying gap
formation, attenuation of ET-l-induced pulmonary vaso-
constriction by FR 139317 or bosentan would lead to a
reduction of capillary hydrostatic pressure, which, in turn,
could result in a decrease in albumin extravasation.

The present study showed that bolus i.v. injections of
ET-1, but not IRL 1620, into guinea-pigs induces leukopenia
in a dose-dependent manner. Since leukopenia occurred at
the time when significant decreases in plasma volume were
also detected, it is likely that the actual decreases in white
blood cell count might have been underestimated. The
marked decline in the percentage of neutrophil granulocytes
with a concomitant increase in the percentage of monocytes
and lymphocytes indicates that ET-1-induced leukopenia can
primarily be attributed to a decrease in the number of cir-
culating neutrophil granulocytes. The ability of adrenaline,
which causes neutrophilia by demargination of the substan-
tial pool of marginated intravascular neutrophils (Athens et
al., 1961; Joyce et al., 1976), to prevent ET-1-induced neut-
ropenia would suggest that the underlying mechanism is
increased intravascular sequestration rather than egress of
neutrophil granulocytes from the circulation into tissues. The
findings that ET-1 had no significant effect on pulmonary
myeloperoxidase activity, a sensitive marker of neutrophil
infiltration (Krawisz et al., 1984, Mullane et al., 1985), and
on the number and composition of bronchoalveolar lavage
cells lend further support to this notion. These latter findings
are consistent with previous observations that exposure of
guinea-pig lungs to aerosolized ET-1 also fails to affect the
number and composition of lavage fluid cells (Boichot er al.,
1991). Furthermore, histological studies have shown that ET-
1 does not cause inflammatory cell influx into the alveolar or
vascular walls or into the bronchial epithelium within 30 min
of its administration (Macquin-Mavier e al., 1989). Since
neutropenia was observed 10 min after injection of ET-1, it
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seems unlikely that ET-1 inhibited entry of neutrophil
granulocytes into the circulation. The prevention of ET-1-
induced neutropenia by adrenaline would also argue against
a direct cytotoxic effect of ET-1 on neutrophil granulocytes.
Previous studies have demonstrated that the lung and spleen
are the two most important sites of sequestration of neut-
rophil granulocytes (cf. Hogg, 1987). Neutrophil margination
is most probably the result of reversible binding of neutrophil
granulocytes to the endothelium (Gamble ez al., 1985). As the
neutropenia elicited by ET-1 cannot be mimicked by IRL
1620 but can be prevented by the ET, receptor-selective
antagonist, FR 139317, and endothelial cells do not possess
ET, receptors (Hosoda et al., 1991), it seems likely that ET-1
elicits a pro-adhesive effect primarily on neutrophil granu-
locytes. It should be noted that migration of neutrophil
granulocytes into tissues is not a prerequisite for their con-
tribution to the development or propagation of tissue
damage, as it has been reported for the cat coronary reper-
fusion injury model, where most of the neutrophils were
adherent to the microvasculature, particularly the capillaries
and venules despite massive tissue necrosis (Lefer et al.,
1993).

Our results demonstrate that ET-1 alone neither increases
free calcium concentration nor augments superoxide produc-
tion in guinea-pig alveolar macrophages. These findings are
at variance with similar measurements made in human
alveolar macrophages (Haller et al., 1991). The reason(s) for
these differences is (are) unclear, but possibly species
differences in the distribution and/or coupling of ET recep-
tors may occur. Indeed, Haller et al. (1991) have reported
that ~50% of human isolated single macrophages did not
respond to ET-1 at all. Therefore, it is possible that guinea-
pigs, unlike human subjects, lack a subpopulation of mac-
rophages that responds to ET-1.

While ET-1 or IRL 1620 by itself failed to activate guinea-
pig alveolar macrophages, ET-1, but not IRL 1620, markedly
potentiated superoxide production in macrophages chal-
lenged with f-Met-Leu-Phe or PAF without affecting f-Met-
Leu-Phe or PAF-induced changes in intracellular free
calcium concentration. This potentiating effect of ET-1 was
completely reversed by FR 139317, indicating that this action
of ET-1 is mediated through ET, receptors. Accordingly,
ET-1 failed to affect PAF-induced aggregation of guinea-pig
platelets (Filep et al., unpublished data) that do not possess
functional ET receptors. On the other hand, ET-1 did not
enhance superoxide production elicited by PMA, a direct
activator of protein kinase C. These findings suggest that
ET-1 might have modulated the signal transduction pathway
for superoxide production at a level between f-Met-Leu-Phe
or PAF receptors and protein kinase C. A likely explanation
is that ET-1 induces production of diacylglycerol via activa-
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Evidence that tachykinin NK; and NK, receptors mediate
non-adrenergic non-cholinergic excitation and contraction
in the circular muscle of guinea-pig duodenum

*Vladimir Zagorodnyuk, Paolo Santicioli, 'Carlo Alberto Maggi & Antonio Giachetti

Pharmacology Department, A. Menarini Pharmaceuticals, Florence, Italy and *Department of Neuro-muscular
Physiology, Bogomoletz Institute of Physiology, Kiev, Ukraine

1 In the presence of atropine (1 uM), guanethidine (3 pM), indomethacin (3 puM), apamin (0.1 uM) and
L-nitroarginine (L-NOARG, 30 uM), electrical field simulation (EFS) produced a nonadrenergic, non-
cholinergic (NANC) excitatory junctional potential (e.j.p.), action potentials and contraction of the
circular muscle of the guinea-pig proximal duodenum, recorded by the single sucrose gap techni-
que.

2 The selective tachykinin (TK) NK, receptor antagonist, GR 82,334 (30 nM-3 puM) produced a
concentration-dependent inhibition of the EFS-evoked NANC e.j.p. and contraction. Similarly, the
selective NK, receptor antagonists, MEN 10,627 (30 nM-3 pM) and GR 94,800 (100 nM—10 pumM), both
produced a concentration-dependent inhibition of the EFS-evoked NANC e.j.p. and contraction. GR
82,334 inhibited the electrical and mechanical NANC responses to EFS in an almost parallel manner,
while MEN 10,627 and GR 94,800 were more effective in inhibiting the mechanical than the electrical
response to EFS.

3 Activation of the NK, or NK, receptor by the selective agonists, [Sar’Jsubstance P (SP) sulphone and
[BAla®]neurokinin A (NKA) (4-10), respectively (0.3 uM each), produced depolarization, action potentials
and contractions. GR 82,334 selectively inhibited the responses to [Sar’]SP sulphone, without affecting
the responses to [BAla®]NKA (4-10). MEN 10,627 and GR 94,800 inhibited or abolished the responses
to [BAIa®]NKA (4-10), without affecting the responses to [Sar’]SP sulphone.

4 Nifedipine (1 pM) abolished the action potentials and contraction produced either by EFS or by the
TK receptor agonists [Sar’]SP sulphone or [BAla®JNKA (4-10).

5 In the presence of nifedipine, the NANC e.j.p. produced by EFS was biphasic: in the majority of
strips tested (21 out of 29) an early fast phase of depolarization was followed by a second slow
component. The combined administration of GR 82,334 and GR 94,800 (3 pM each) reduced both
components, the slow phase being inhibited to a greater extent than the fast phase.

6 The P, purinoreceptor antagonist, suramin (100 uM) reduced the fast phase of the e.j.p. produced by
EFS in the presence of nifedipine, without affecting the slow phase. The combined administration of
suramin, GR 82,334 and GR 94,800 produced a nearly complete blockade of the e.j.p. produced by EFS
in the presence of nifedipine.

7 When tested in the absence of apamin and L-NOARG, EFS induced a NANC inhibitory junction
potential (i.j.p.) followed by an ej.p., and the selective P,y receptor agonist, adenosine-5'-O-(2-
thiodiphosphate) (ADPBS, 10 uM), produced membrane hyperpolarization. After addition of apamin
and L-NOARG, the ij.p. was blocked, and EFS produced a pure NANC e.j.p.; ADPBS produced
depolarization, action potentials and contraction.

8 Suramin (100 uM) blocked the depolarization, action potentials and contractions produced by
ADPSS in the presence of apamin and L-NOARG, without affecting the responses produced by the NK,
receptor agonist, [Sar’]SP sulphone.

9 We conclude that NK, and NK, receptors cooperate in producing NANC excitation and contraction
of the circular muscle in the guinea-pig proximal duodenum. Activation of either TK receptor produces
membrane depolarization and both receptors contribute to generate action potentials which are essential
for producing muscle contraction, via nifedipine-sensitive calcium channels. It appears that endogenous
ATP chiefly acts as an inhibitory transmitter but, after blockade of NANC inhibitory mechanism(s),
ATP may act as a fast signalling excitatory transmitter.

Keywords: Guinea-pig duodenum; NANC; excitatory junction potentials; tachykinins; tachykinin receptors; ATP

Introduction

Anatomical, neurochemical and pharmacological evidence
indicates a major role for peptides of the tachykinin (TK)
family as mediators of NANC excitatory neurotransmission
to the smooth muscle of the mammalian intestine (Bartho &
Holzer, 1985, for review). Two TKs, substance P (SP) and
neurokinin A (NKA), via the expression of the prep-
rotachykinin I gene, are produced by some neuronal elements

' Author for correspondence.

in the myenteric plexus (Deacon et al., 1987; Sternini et al.,
1989) which have the adequate anatomical projections to act
as effector motoneurones to the circular muscle of the intes-
tine (Brookes et al., 1991). The status of TKs as enteric
excitatory transmitters is further documented by the notion
that SP- and NKA-like immunoreactive material(s) are
released in the gut following neuronal depolarization (Holzer,
1984; Theodorsson et al., 1991; Broad et al., 1992) and by
the powerful, receptor-mediated, contractile activity exerted
by exogenous TKs in various regions of the mammalian
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intestine. Three types of TK receptors have been isolated and
cloned, which are termed NK,, NK, and NK,;, respectively
(Maggi et al., 1993, for review): in the circular muscle of the
guinea-pig small and large intestine, both NK, and NK,
receptors mediate the direct smooth muscle contraction to
TKs, while NK; receptors, apparently located on neuronal
elements, indirectly affect motility by stimulating the release
of other mediators (Maggi et al., 1990; 1994a).

From the above, it appears that TKergic excitatory neuro-
transmission to the circular muscle of the intestine could
involve two mediators (SP and NKA) and two receptors
(NK, and NK;). In previous electrophysiological
experiments, non-cholinergic excitatory junction potentials
(ej.ps) have been recorded in the longitudinal (Bauer &
Kuriyama, 1982) and circular muscle (Niel et al., 1983;
Bywater & Taylor, 1986; Crist et al., 1991) of the guinea-pig
ileum. In some of these studies, a biphasic noncholinergic
e.j.p. has been described, and a differential degree of inhibi-
tion of the two phases of e.j.p. was observed with SP
antagonists such as [D-Arg',D-Pro?,D-Trp’’,Leu'']SP
(RPWWL-SP, Niel et al., 1983; Bywater & Taylor, 1991) and
spantide (Crist et al., 1991). The residual phase of e.j.p.
appears to be mediated by an unknown transmitter (Bywater
& Taylor, 1986; Crist et al., 1991). Because of their low
potency and selectivity, and presence of nonspecific effects
(e.g. local anaesthetic action), ligands like RPWWL-SP or
spantide, have a limited value for assessing the transmitter
role of TKs; furthermore, these ligands are essentially poor
instruments to discern a differential contribution of NK, and
NK, receptors in TKergic co-transmission (Buck & Shatzer,
1988; Maggi et al., 1993, for review).

Thanks to the recent availability of antagonists that selec-
tively block the NK, (SP-preferring) or NK, (NKA-
preferring) receptors (Maggi et al., 1993) it has become possi-
ble to obtain information about the relative contribution of
various TKs and different TK receptors in excitatory NANC
responses (Bartho et al, 1992; Zagorodnyuk et al., 1993;
Holzer et al., 1993; Holzer & Maggi, 1994; Maggi et al.,
1994b). Both NK, and NK, receptors appear to play a
relevant role in NANC contraction evoked by electrical nerve
stimulation or intraluminal balloon distension in the circular
muscle of the guinea-pig ileum (Bartho et al., 1992; Maggi et
al., 1994b), while mainly NK, receptors mediate the NANC
e.j.p. in the circular muscle of the guinea-pig proximal colon
(Zagorodnyuk et al., 1993).

The aim of this study was to assess the relative contribu-
tion of NK, and NK, receptors to NANC excitatory neurot-
ransmission in the circular muscle of the guinea-pig
duodenum, by studying the effect of potent and selective
receptor antagonists, GR 82,334 (Hagan et al., 1991) for
NK, receptors, GR 94,800 (McElroy et al., 1992) and MEN
10,627 (Patacchini et al., 1994; Maggi et al., 1994c) for NK,
receptors. From these studies we found evidence that only
part of the NANC e.j.p. produced by EFS in the circular
muscle of guinea-pig duodenum can be accounted for by the
release of endogenous TKs. In the smooth muscle of guinea-
pig stomach and caecum, it has been suggested that apamin
unmasks a fast purinergic NANC ejp. (Shuba &
Vladimirova, 1980). To address the possible role of
adenosine-triphosphate (ATP) in the NANC e.j.p. in guinea-
pig duodenum, we investigated the effect of the general P,
purinoceptor antagonist, suramin (Dunn & Blakeley, 1988;
Hoyle et al., 1990) and of the selective P,y receptor agonist,
adenosine-5’-O-(2-thiodiphosphate) (ADPBS) (Bertrand et al.,
1991).

Methods

A modified single sucrose-gap (Artemenko et al., 1982;
Hoyle, 1987) was used to investigate simultaneously changes
in membrane potential and contractile activity of the smooth
muscle to EFS, as described in detail previously (Zagorod-

nyuk et al., 1993; 1994). Circular muscle strips of proximal
duodenum (1-3cm from the pyloric sphincter), approx-
imately 0.5-0.8 mm wide and 10 mm long were superfused,
at a rate of 1 mlmin~!, with oxygenated Krebs solution
(35£0.5°C) of the following composition (mM): NaCl 119,
NaHCO; 25, KH,PO,1.2, MgSO,1.5, KCl4.7, CaCl,2.5
and glucose 11.

Junction potentials were evoked by submaximal electrical
field stimulation (EFS): train of stimuli (30-40V,
0.15-0.2 ms pulse width) were delivered at a frequency of
32 Hz for 1s every 3—4 min. In preliminary experiments, we
found that the electrical and mechanical responses produced
with these parameters of EFS are reproducible for the experi-
mental period (1-2h) of this study. The Krebs solution
routinely contained atropine (1 pM) and guanethidine (3 pm)
to block the effect of excitatory cholinergic nerves and
adrenergic inhibitory nerves, respectively. Indomethacin
(3 uM) was used to exclude the possible involvement of pros-
tanoids. Unless otherwise stated, N“-nitro-L-arginine (L-
NOARG, 30puM) and apamin (0.1 uM) were used to block
NANC inhibitory junction potentials (i.j.ps) evoked by EFS
(He & Goyal, 1993; Zagorodnyuk et al., 1993).

In a first series of experiments, performed in the presence
of atropine (1pM), guanethidine (3 pM), indomethacin
(3 uM), apamin (0.1 pM) and L-NOARG (30 uM), NANC
e.j.ps were produced by train EFS at 3—4 min intervals and
the effect of tachykinin receptor antagonists (GR 82,334,
MEN 10,627 and GR 94,800) on the electrical and
mechanical responses produced by EFS was determined. The
effect of antagonists was evaluated as % inhibition of the
area of electrical and mechanical responses produced by
EFS.

In parallel experiments, the selective NK; or NK, receptor
agonists, [Sar’]SP sulphone or [BAla®]NKA(4-10), respectively
(cf. Zagorodnyuk er al., 1993; 1994), were applied to the
circular smooth muscle in the absence or presence of
tachykinin receptor antagonists, In preliminary experiments,
we found that a concentration of 0.3 uM (applied in super-
fusion for 20s) of each agonist determined a reproducible
electrical and contractile responses when elicited at 15 min
intervals.

In a second series of experiments, performed in the
presence of atropine (1 uM), guanethidine (3 uM),
indomethacin (3 pM), apamin (0.1 uM) and L-NOARG
(30 uM), the role of nifedipine-sensitive calcium channels was
determined by studying the effect of 1 uM nifedipine (super-
fused for at least 30 min) on the NANC responses produced
by EFS and on the electrical and mechanical responses to
tachykinin receptor agonists, [Sar’J]SP sulphone and
[BAla®]NKA(4-10). From these experiments, it was found
that a biphasic NANC e.j.p. is produced by EFS in the
presence of nifedipine: the effect of GR 82,334 and GR
94,800, alone or in combination, on the nifedipine-resistant
NANC e.j.p. was also investigated. Since a fraction of this
NANC e.j.p. was still present after the combined administra-
tion of the TK receptor antagonists, the hypothesis was
advanced that ATP may also act as excitatory transmitter in
these experimental conditions. To check this point we inves-
tigated the effect of the P, purinoceptor antagonist, suramin
(100 pM, applied in superfusion for 20-30min) on the
NANC e.,j.p.

In a final series of experiments we studied the effect of the
selective P,y receptor agonist adenosine-5’-O-(2-thio-
diphosphate) (ADPBS) (10 pM) on the electrical and mech-
anical activity of the guinea-pig duodenum: ADPBS was
applied in superfusion for 30s at 15 min intervals and its
effects were investigated in the absence and presence of
apamin and L-NOARG.

Statistical analysis

All data in the text are mean * s.e.mean. Statistical analysis
was performed by means of Student’s ¢ test for paired or
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unpaired data, or by means of analysis of variance followed
by Dunnett’s test, if applicable. A P level <0.05 was con-
sidered as statistically significant.

Drugs

Drugs used were: atropine HCl (Serva), guanethidine sul-
phate (ICF), GR 82,334 or [D-Pro’,(spiro-y-lactam) Leu'’,
Trp''] physalaemin(1-11) (Neosystem), N®-nitro-L-arginine
(L-NOARG), apamin, indomethacin, ADPBS and nifedipine
(Sigma). MEN 10,627 or cyclo(Met-Asp-Trp-Phe-Dap-Leu)
cyclo(28-58) and GR 94,800 or PhCO-Ala-Ala-D.Trp-Phe-
D.Pro-Pro-NleNH, were synthesized at the Chemistry
Department of Menarini Pharmaceuticals. Suramin was a
kind gift of Prof. M. Costa, Dept. of Human Physiology,
Flinders University SA, Bedford Park, Australia.
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Figure 1 Effect of the tachykinin NK, receptor antagonist GR
82,334 on the NANC e.j.p. and contraction produced by EFS in the
circular muscle of the guinea-pig duodenum. (a and b) Control
responses to EFS (32 Hz for 15, a), applied at arrowhead and effect
of GR 82,334 (3uM, b) on the responses to EFS in the same
preparation. In both panels, upper tracing is muscle tension, lower
tracing show changes in membrane potential. (c) Concentration-
dependent inhibition of the response to EFS by GR 82,334. The
effect of GR 82,334 on the area of depolarization of the NANC e.j.p.
(O) and of the area of NANC contraction (@) produced by EFS is
expressed as % of the control responses obtained in the absence of
the antagonist. Each value is the mean*semean of 3-5
experiments. *Significantly different from control, P <0.05.

Results

General

In the presence of atropine (1 pM), guanethidine (3 puMm),
indomethacin (3 pM), apamin (0.1uM) and L-NOARG
(30 uM), EFS (30 V, 0.15-0.2 ms pulse width, 32 Hz for 1)
evoked a NANC e.j.p. (mean amplitude of depolarization
10.5+0.7mV, n=42, latency 426 £33 ms, n=24) with
superimposed  action  potentials (mean  amplitude
238+ 1.1mV, n=42) and contraction (5.8 0.4mN,
n=42) (Figures 1, 2 and 3). The mean duration of the
NANC e.j.p. was 23.8 + 3.5s (n = 32). The parameters used
to produce a NANC e.j.p. are about two times larger than
the threshold EFS stimulation required to produce an e.j.p.
followed by action potentials and contraction. Under the
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Figure 2 Effect of tachykinin NK, receptor antagonist MEN 10,627
on the NANC e.j.p. and contraction produced by EFS in the circular
muscle of the guinea-pig duodenum. (a and b) Control response to
EFS (32 Hz for 1s, a), applied at arrowhead and effect of MEN
10,627 (3 uM, b) on the responses to EFS in the same preparation. In
both panels, upper tracing is muscle tension, lower tracing shows
changes in membrane potential. (c) Concentration-dependent inhibi-
tion of the response to EFS by MEN 10,627. The effect of MEN
10,627 on the area of depolarization of the NANC e.j.p. (O) and of
the area of NANC contraction (@) produced by EFS is expressed as
% of the control responses obtained in the absence of the antagonist.
Each value is the mean * s.e.mean of 5—7 experiments. *Significantly
different from control, P <<0.05.
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present experimental conditions, the development of contrac-
tile responses to EFS (e.g. Figures la, 2a and 3a) or
exogenous agonists (e.g. Figures 4a, 5a, 8b and 9a) was
strictly associated with the presence of action potentials.

Effects of NK, and NK, receptor antagonists on the
NANC e.j.p. and contractions produced by EFS

The NK, receptor antagonist, GR 82,334 (30 nM-3 puM),
concentration-dependently inhibited the NANC e.j.p. and
contractions, ECs, values (95% c.l. in parentheses) being
0.23 uM (0.09-0.5 pum) and 0.30 uM (0.19-0.46 pM), respec-
tively. The maximal inhibition of depolarization and contrac-
tion produced by GR 82,334 averaged 82 * 10% (n = 5) and
93 £ 7% (n=15), respectively, and the two concentration-
response curves were almost superimposable (Figure 1).
The NK, receptor antagonist, MEN 10,627 (30 nM—-3 puM)
concentration-dependently inhibited the NANC e.j.p. and
contraction, ECs, values (95% c.l. in parentheses) being
0.15uM (0.11-0.21 pM) and 0.18 uM (0.11-0.29 uM), respec-
tively. As shown in Figure 2, the maximal inhibitory effect of
MEN 10,627 on contractility (97 3% inhibition at 3 pMm,
n="T) was larger than its inhibitory effect on depolarization
(54 £ 8% inhibition, n=7). The NK, receptor antagonist,
GR 94,800 (100 nM-10puM) concentration-dependently
reduced the NANC e.j.p. and contraction, ECs, values (95%
cl. in parentheses) being 0.45pM (0.32-0.63 uM) and
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Figure 3 Effect of the tachykinin NK, receptor antagonist GR
94,800 on the NANC e.j.p. and contraction produced by EFS in the
circular muscle of the guinea-pig duodenum. (a and b) Control
response to EFS (32 Hz for 1s, a), applied at arrowhead and effect
of GR 94,800 (3uM, b) on the responses to EFS in the same
preparation. In both panels, upper tracing is muscle tension, lower
tracing shows changes in membrane potential. (c) Concentration-
dependent inhibition of the response to EFS by GR 94,800. The
effect of GR 94,800 on the area of depolarization of the NANC e.j.p.
(O) and of the area of NANC contraction (®) produced by EFS is
expressed as % of the control responses obtained in the absence of
the antagonist. Each value is the mean*s.emean of 4-5
experiments. *Significantly different from control, P<0.05.

0.20 uM (0.05-0.75 uM), respectively. Also GR 94,800 was
more effective in inhibiting contractility (79 * 8% inhibition,
n=4) than depolarization (46 8% inhibition, n=4)
(Figure 3). Neither GR 82,334 (up to 3 pM) nor MEN 10,627
(up to 3 uM) or GR 94,800 (up to 10 uM) had any agonist
effect on the electrical or contractile activity.
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Figure 4 Effect of the tachykinin NK, receptor antagonist, GR
82,334 and of the NK, receptor antagonists, MEN 10,627 and GR
94,800 on the response induced by the selective tachykinin NK,
receptor agonist [Sar’JSP sulphone. (a) Control response to [Sar’]SP
sulphone (period of application of the agonist is indicated by the
horizontal bar); (b) response to [Sar’]SP sulphone in the presence of
GR 82, 334 (3 uM); in both panels, upper tracing is muscle tension,
lower tracing shows changes in membrane potential. (c) Effect of GR
82,334 (3 uM), MEN 10,627 (3 pM) and GR 94,800 (3 pM) on the
area of depolarization (open columns) and area of contraction (hat-
ched columns) induced by [Sar’]SP sulphone (0.3 pm for 20s). The
responses to the agonist obtained in the presence of the antagonist
are expressed as % of the control response. Each value is the
mean t s.e.mean of 4—5 experiments. *Significantly different from
control, P<<0.05.
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Effect of tachykinin receptor antagonists on the
electrical and mechanical responses to selective NK, and
NK, receptor agonists

In the presence of atropine (1 puM), guanethidine (3 uM),
indomethacin (3 uM), apamin (0.1puM) and L-NOARG
(30 uM), application of the NK, receptor selective agonist,
[Sar’]SP sulphone or of the NK, receptor selective agonist,
[BAla®]INKA (4-10) (0.3 puM for 20s in each case, n=8-11)
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Figure 5 Effect of the tachykinin NK, receptor antagonist, GR
82,334 and of the NK, receptor antagonist, MEN 10,627 and GR
94,800 on the response induced by the selective tachykinin NK,
receptor agonist [BAla¥)NKA(4-10). (a) Control response to
[BAIa®INKA(4-10) (period of application of the agonist is indicated
by the horizontal bar); (b) response to [BAla®)NKA(4-10) in the
presence of GR 94,800 (3 uM); in both panels, upper tracing is
muscle tension, lower tracing shows changes in membrane potential.
(c) Effect of GR 82,334 (3 um), MEN 10,627 (1 um) and GR 94,800
(3 uM) on the area of depolarization (open columns) and area of
contraction (hatched columns) induced by [BAla®]NKA(4-10) (0.3 pMm
for 20s). The responses to the agonist obtained in the presence of
the antagonist are expressed as % of the control response. Each
value is the mean * s.e.mean of 3-4 experiments. *Significantly
different from control, P <0.05.

produced membrane depolarization followed by slow waves
with superimposed action potentials and contraction (Figures
4 and 5).

The amplitude of depolarization evoked by the agonists
averaged 13.8+0.8mV (n=10) and 12.1£09mV (n=9)
for [Sar’]SP sulphone and [BAla®)NKA (4-10), respectively;
the amplitude of action potentials averaged 27.5* 1.4 and
26 £ 1.9mV, respectively (n =11 and 8, respectively); the
amplitude of evoked contraction averaged 6.2+ 0.95 and
6.5 0.64 mN, respectively (n=11 and 8, respectively).

GR 82,334 (3 uM) inhibited the [Sar’]SP sulphone-induced
depolarization and contraction by 69+ 5 and 92 £ 6%,
(n = 4), respectively, while it did not affect the response to
[BAIa®]NKA (4-10) (Figures 4 and 5). MEN 10,627 (1 pM)
almost completely abolished the [BAla® ]NKA (4-10)-induced
depolarization and contraction (93*4 and 99.8+0.2%
inhibition, n=3, respectively). The responses induced by
[Sar’]SP sulphone were not significantly changed by MEN
10,627 (3 uM) (Figures 4 and 5). GR 94,800 (3 uM) complete-
ly blocked the [BAla®]NKA (4-10)-induced depolarization and
contraction while the responses evoked by [Sar’]SP sulphone
were not significantly affected (Figures 4 and 5).

Effect of nifedipine on the NANC e j.p. and responses
produced by [Sar’ | SP sulphone or [BAla®]NKA (4-10)

Nifedipine (1 puM for 30 min) blocked the action potentials
superimposed on the EFS-evoked NANC e.j.p. and totally
abolished contraction (Figure 6). Nifedipine also reduced the
EFS-evoked NANC e.j.p.: the maximal amplitude of
depolarization was 152*3mV and 4.7%X0.6mV (70%
inhibition, n =9) in the absence and presence of nifedipine,
respectively. In most cases (21 out of 29 strips) the NANC
e.j.p. evoked by EFS (32Hz for 1s, 40V, 0.2ms) in the
presence of nifedipine was biphasic, a first fast phase of e.j.p.
being followed by a second slow component (Figure 6). In 8
out of 29 preparations, the e.j.p. was slow and monophasic.
The total duration of the e.j.p. (measured as the duration
from the onset of e.j.p. to the 90% of recovery from max-
imum) averaged 84 £ 9s (n=13).

Nifedipine totally abolished the action potentials and con-
traction evoked by [Sar’]SP sulphone or [BAla’]NKA(4-10)
(0.3 uM and n = 3 for each agonist). The depolarization pro-
duced by [Sar’]SP sulphone was inhibited by 72 + 5% (n = 3)
while that induced by [BAla®]NKA(4-10) was reduced at a
lesser extent (38 £ 6% inhibition, n = 3).

Effect of tachykinin receptor antagonists on the NANC
e.j.p. in the presence of nifedipine

In the presence of nifedipine, GR 82,334 (3 uM) reduced the
area of the EFS-evoked e.j.p. by 65 * 7% (n = 5); GR 82,334
decreased to a similar extent the peak amplitude of the fast
and slow phases of ej.p. (637 and 61 £ 4% inhibition,
respectively, n =4 and 5) (Figure 6).

GR 94,800 (3 uM) inhibited the area of the EFS-evoked
e.j.p. by 48 £ 5% (n = 3) (Figure 6); GR 94,800 decreased to
a similar extent the amplitude of the fast and slow phases of
the ej.p. 43x5 and 50 4% inhibition, respectively,
n=3).

The combined administration of GR 82,334 (3 uM) and
GR 94,800 (3 uM) produced a further inhibition of the area
of the EFS-evoked e.j.p. in the presence of nifedipine: only
15£2% (n=29) of the control response remained after
20 min of combined application of the NK, and NK, recep-
tor antagonists (Figure 6). The combined administration of
GR 82,334 and GR 94,800 decreased the peak amplitude of
first and second phase of the e.j.p. by 45+ 12 and 82 4%
(n=6 and 7), i.e. the second slow phase of the ej.p. was
preferentially inhibited as compared to the first one.
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Effect of suramin on the NANC e j.p. in the presence of
nifedipine

From the above experiments, it appears that a consistent part
of the biphasic NANC e.j.p. evoked by EFS in the presence
of nifedipine, and especially its fast component, is resistant to
the combined blockade of NK, and NK, receptors by GR
82,334 and GR 94,800. We speculated that adenosine-
triphosphate (ATP) maybe involved in this residual response.
A NANC e.j.p. was evoked by train EFS (32 Hz for 1s,
40V, 0.2ms pulse width, »=10; Figure 7) and, in some
strips (n=5), also by single pulse EFS (30 V, 0.2 ms pulse
width). Either suramin (100 puM for 25-30min) was
administered first and the effect of GR 82,334 plus GR
94,800 (3puM each for 15min) was investigated on the
suramin-resistant response (n=6) or GR 82,334 plus GR
94,800 were administered first and the effect of suramin was
investigated on the response resistant to the TK receptor
antagonists (n = 4).

The combined administration of GR 82,334 (3 uM) and
GR 94,800 (3 uM) decreased the peak amplitude of the fast
phase of e.j.p. in response to train EFS (37 £ 13% inhibition,
n=4) and remarkably reduced the area of the second slow
phase (73 £ 8% inhibition, n = 4; Figure 7). The application
of suramin (100 uM) in the presence of GR 82,334 and GR
94,800 produced a further marked inhibition of the peak
amplitude of first fast phase of e.j.p. (87 £ 3% inhibition,
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n = 4) while leaving unaffected the residual area of the slow
phase of ej.p. (6 £ 8% increase, n =4, Figure 7).

When applied first, suramin (100 uM) inhibited the peak
amplitude of the first fast phase of the e.j.p. in response to
train EFS in 4 out of 6 strips by 91 £ 2% (n=4) without
affecting the area of the slow phase of the ej.p. 2% 15%
increase, n = 4) (Figure 7). The combined administration of
GR 82,334 and GR 94,800 (3 uM each for 15min) in the
presence of suramin (100 uM) did not affect significantly the
peak amplitude of the first residual phase of e.j.p. 3£ 9%
increase, n =4) but remarkably reduced the area of second
slow phase of the e.j.p. (83 £ 4% inhibition, n = 4). It is also
worth noting that suramin significantly increased (2.2 times)
the latency of ej.p.-evoked by train EFS: the latency
averaged 268 £ 57 and 590 £ 83 ms (n =7, P<<0.05) before
and after suramin (100 uM), respectively.

In 2 strips, in which the e.j.p. was also biphasic in response
to train EFS, suramin (100 uM) slightly increased (9%) or
decreased (16%) the peak amplitude of the first phase and
increased the area (35 and 22%) of the second slow phase of
the e.j.p. In both cases, the e.j.p. had a large latency (590 and
400 ms, not modified by suramin) and was markedly reduced
by the combined administration of GR 82,334 and GR
94,800 (82 and 91% inhibition, respectively) in the presence
of suramin.

In the presence of nifedipine, single pulse EFS (30V,
0.15ms) evoked a fast NANC e.j.p. with an amplitude of
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Figure 6 Effect of nifedipine on the NANC e.j.p. produced by EFS (32 Hz for 1s, applied at arrowheads) and effect of the
tachykinin NK, receptor antagonist, GR 82,334 and NK, receptor antagonist, GR 94,800 on the e.j.p. produced by EFS in the
presence of nifedipine. (a and b) Electrical and mechanical responses to train EFS (32 Hz for 1s, applied to arrowhead) in the
absence (a) and presence (b) of nifedipine (1 puM); in both panels, upper tracing is muscle tension, lower tracing shows changes in
membrane potential. (c) Effect of GR 82,334 (3 uM) on the nifedipine-resistant e.j.p. to train EFS (32 Hz for 1s, applied at
arrowhead); the control response to EFS is shown on the left, that obtained in the presence of GR 82,334 on the right. (d) Effect of
GR 94,800 (3 uM) on the nifedipine-resistant e.j.p. to train EFS (32 Hz for 1s, applied at arrowhead); the control response to EFS
is shown on the left, that obtained in the presence of GR 94,800 on the right. (¢) Effect of GR 94,800 (3 uM, open columns), GR
82,334 (3 uM, hatched columns), and combined administration of the two antagonists (solid columns) on the area of the
nifedipine-resistant e.j.p. to train EFS. The area of e.j.p. obtained in the presence of antagonists is expressed as % of the control
response. Each value is the mean * s.e.mean of 3-9 experiments. *Significantly different from control response, P <<0.05.
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Figure 7 Effect of suramin (100 pM) and of the combined administration of tachykinin receptor antagonist GR 82,334 and GR
94,800 (3 uM each) on the e.j.p. produced by EFS in the presence of nifedipine. In each panel, dots indicate the application of single
pulse EFS (30 'V, 0.15 ms) and arrowheads indicate the application of train EFS (32 Hz for 1s, 40 V, 0.25 ms). In the left part of
each panel the e.j.p. produced by single pulse EFS is also shown on a magnified time scale. (a) Control responses to EFS; (b) the
effect of combined administration of GR 82,334 and GR 94,800; (c) the effect of suramin in the presence of GR 82,334 and GR

94,80Q. (d) Control responses to EFS; (e) the effect of suramin; (f) the effect of GR 82,334 and GR 94,800 in the presence of
suramin.
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Figure 8 Effect of apamin and N“-nitro-L-arginine (L-NOARG) on the electrical and mechanical responses to EFS, junction
potential and on the electrical and mechanical responses induced by ADPBS (10 uM for 30s) in the circular muscle of the
guinea-pig duodenum. Single pulse (30V, 0.15ms) and train EFS (32Hz for 1s, 40V, 0.25ms) were applied at dots and
arrowheads, respectively. In right panels, the period of application of ADPBS is shown by horizontal bars. In each panel upper
tracing shows mechanical activity and lower tracing shows changes in membrane potential. (a) Control responses to EFS and
ADPBS; (b) responses obtained after 30 min combined administration of apamin (0.3 uM) and L-NOARG (30 uM). Note that, in the
absence of apamin and L-NOARG (a, Krebs solution containing atropine, guanethidine and indomethacin) single pulse EFS
produced a pure NANC inhibitory junction potential (i.j.p.) and train EFS produced a NANC ij.p. followed by a NANC e.j.p.
and contraction. After addition of apamin and L-NOARG, both single pulse and train EFS evoked a pure NANC e.j.p.; the e.j.p.
and contraction were enhanced by administration of apamin and L-NOARG. In the absence of apamin and L-NOARG (a, Krebs
solution containing atropine, guanethidine and indomethacin) the P,y receptor agonist ADPBS produced hyperpolarization of the

membrane; this response was converted to depolarization with action potentials and contraction in the presence of apamin and
L-NOARG (b).
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44 % 1.1 mV; the latency and duration of this e.j.p. were
195+ 4ms and 2.1 £ 0.3 s, respectively (n =8). In the same
strips, the amplitude of the fast component of the biphasic
e.j.p. in response to train EFS averaged 6.5+ 1.2 mV (n = 8).
All the strips which showed a fast e.j.p. in response to single
pulse EFS (n = 8) also showed a biphasic response to train
EFS. The combined administration of GR 82,334 and GR
94,800 (3uM each for 15min) did not affect significantly
(2 * 4% increase, n = 3) the amplitude of the e.j.p. evoked by
single pulse EFS. The application of suramin (100 uM for
30 min) in the presence of GR 82,334 and GR 94,800
inhibited the e.j.p. by 84 * 6% (n=3) (Figure 7). When
applied first, suramin inhibited the amplitude of the e.j.p.
evoked by single pulse EFS by 90+ 3% (n=15) while the
combined administration of GR 82,334 and GR 94,800 did
not affect the residual ej.p. in the presence of suramin
(Figure 7, n=5).

Effect of suramin on the responses induced by ADP BS
and [Sar’]SP sulphone in the absence of nifedipine

From the above, it would appear that, under certain circums-
tances, endogenous ATP may act via suramin-sensitive recep-
tors as an excitatory transmitter. We then studied the effect
of the selective P,y receptor agonist, ADPBS before and after
blockade of NANC inhibitory transmission.

In the presence of atropine (1 uM), guanethidine (3 uMm)
and indomethacin (3 uM) single pulse or train (32 Hz for 1)
EFS evoked an inhibitory junction potential (i.j.p., 16.1 £ 1.2
and 17.8 £ 1.3 mV, n =5, respectively) followed by a NANC
e.j.p., action potentials and contraction. The application of
ADPBS (10pM for 30s) produced a hyperpolarization
(7.8 £ 1.3 mV, n = 5) of the circular muscle of the guinea-pig
duodenum (Figure 8). The combined administration of
apamin (0.3 uM) and L-NOARG (30 uM) blocked the EFS-
evoked i.j.p. and disclosed a pure NANC e.j.p. in response to
train EFS in all cases tested. In 3 out of 5 strips a fast e.j.p.
was also evoked by single pulse of EFS (Figure 8).

In the presence of apamin and L-NOARG, the application
of ADPBS (10uM for 30s) induced a depolarization
(7.3 1.1 mV, n=9), appearance of slow waves with action
potentials (274*22mV, n=9) and contraction
(3.7 0.5mN, n=9) of smooth muscle (Figures 8 and 9).
The responses induced by [Sap’]SP sulphone (0.3 puM for 10s)
were comparable to those produced by ADPBS: depolariza-
tion (7.5% 1.3 mV, n = 3), action potentials (24.7 + 4.3 mV,
n = 3), contraction (2.8 + 0.8 mN, n =3, Figure 8).

After incubation with suramin (100 pM for 20—30 min), the
depolarization and contraction induced by ADPBS were
markedly reduced (72+ 6 and 98 * 8% inhibition, respec-
tively, n = 4) while the responses to [Sar’]SP sulphone were
not significantly affected (Figure 9).

Discussion

Tachykinin NK, and NK, receptors mediate NANC
excitatory neurotransmission in the circular muscle of
guinea-pig duodenum

The natural TKs synthesized by myenteric neurones, SP and
NKA, act as full agonists at NK,; and NK, receptors
although with different potencies (Maggi et al., 1993); they
also act as full agonists at NK; receptors, producing
neuronal excitation and release of other mediators, including
acetylcholine, TKs and NO (e.g. Maggi et al., 1990; 1994e).
Therefore natural TKs are not suitable tools for establishing
the relative role of NK, and NK, receptors in neuromuscular
transmission; this can be precisely assessed by using receptor-
selective agonists and antagonists. The interpretation of the
findings presented in this study is based on the assumption
that, at the concentrations used, GR 82,334 selectively
blocked NK, receptors while MEN 10,627 and GR 94,800

selectively blocked NK, receptors. The assumption is based
on the known pharmacological properties of these ligands
(Hagan et al., 1991; McElroy et al., 1992; Patacchini et al.,
1994; Maggi et al., 1994c) and has been further checked here
by studying their action toward the responses produced by
the receptor selective agonists, [Sar’]SP sulphone for NK,
receptors and [BAla®INKA(4-10) for NK, receptors (Maggi et
al., 1993 for review).

The present results demonstrate that NK, and NK, recep-
tors are both involved in mediating a NANC e.j.p. and
contraction in the circular muscle of the guinea-pig
duodenum. This conclusion is supported by the following: (i)
GR 82,334 or GR 94,800 and MEN 10,627 produced a
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Figure 9 Effect of suramin (100 uM for 20 min) on the responses
induced by ADPBS (10 uM for 30's) and [Sar’]SP sulphone (0.3 pm
for 10s) in the circular muscle of the guinea-pig duodenum. (a)
Control responses to ADPBS and [Sar’]SP sulphone; (b) responses
obtained in the presence of suramin. Horizontal bars indicate the
period of application of the agonist. In both panels, upper tracing
shows muscle tension and lower tracing shows changes in membrane
potential. (c) Effect of suramin (100 uM) on the area of depolariza-
tion (open columns) and area of contraction (hatched columns)
induced by [Sar’]SP sulphone and ADPBS. Each value is the
mean + s.e.mean of 3-4 experiments. *Significantly different from
control, P<0.05.
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concentration-dependent inhibition of the NANC e.j.p. and
contraction evoked by EFS; (ii) GR 82,334 and GR 94,800
exerted an additive inhibitory effect on the area of the
NANC e.j.p. evoked by EFS in the presence of nifedipine;
(iii) GR 82,334, inhibited depolarization and contraction pro-
duced by [Sar’]SP sulphone, without affecting that produced
by [BAla’INKA(4-10); (iv) MEN 10,627 and GR 94,800
blocked depolarization and contraction produced by
[BAla®]NKA(4-10) but not that produced by [Sar’]SP sul-
phone.

Nifedipine abolished the action potentials and totally supp-
ressed the contraction produced by selective NK; and NK,
receptor agonists in the circular muscle of the guinea-pig
duodenum, similar to its effect in the guinea-pig ileum
(Maggi et al., 1994a). Therefore, L-type calcium channels
appear essential for NANC excitation-contraction coupling
throughout the guinea-pig small intestine. The experiments
using receptor selective agonists demonstrate that, for a cer-
tain degree of receptor stimulation, activation of NK, or NK,
receptor alone, via depolarization and triggering of action
potentials, is sufficient to produce contraction of the guinea-
pig duodenum. This does not necessarily reflect the situation
occurring when endogenous TKs are released to produce the
NANC e.j.p. Indeed, the inhibitory effect of GR 82,334
toward depolarization and contractility in response to EFS is
almost parallel while, for both NK, receptor antagonists
tested, contractility was preferentially inhibited. Moreover,
blockade of either NK, or NK, receptor alone produced a
very large inhibition of NANC contraction. We speculate
that, at the relative amounts released from intramural nerves
during EFS, the action exerted by the endogenous ligand(s)
for NK, receptor (i.e. SP) could be relatively more efficient
than that of the endogenous ligand(s) for NK, receptors (i.e.
NKA) in producing depolarization. However, the activation
of NK, receptor may contribute an amplifying mechanism,
reinforcing the depolarization produced by NK, receptors
and facilitating the attainment of threshold for action poten-
tials and contraction. This may provide an explanation for
the ability of NK, receptor antagonists to produce a large
suppression of EFS-evoked NANC contraction while leaving
a large proportion of e.j.p. unaffected (e.g. Figure 2a and
2b).

The inhibitory effect produced by NK, or NK, receptor
antagonists was quite variable from one strip to another, yet
examples have been found (Figure la and b) in which
blockade of NK, receptor only was sufficient to produce an
almost full blockade of both electrical and mechanical res-
ponses to EFS. This variability may involve differences in
relative amounts of endogenous ligands for NK, and NK,
receptors released from intramural nerves and/or differences
in the expression of NK, and NK, receptors on smooth
muscle. A further element of variability arises from the cont-
ribution of a third excitatory transmitter (see below) to the
fast NANC e.j.p. evoked in the presence of L-NOARG and
apamin, since this component showed quite a large variation
in strips from different animals.

The relative contribution of the two TK receptors in the
overall e.j.p. produced by endogenous TKs is more clearly
appreciated in the presence of nifedipine which eliminated the
action potentials: in the presence of nifedipine, the NK, and
NK, receptor antagonists were about equieffective (65 and
48% inhibition of the area of e.j.p. by GR 82,334 and GR
94,800, respectively) in reducing the e.j.p. and their combined
administration produced an additive inhibitory effect on the
area of evoked depolarization (Figure 6e). Nifedipine appar-
ently reduced in a preferential manner the relative contribu-
tion of NK, receptors to the NANC e j.p., in agreement with
the larger inhibitory effect of nifedipine toward the
depolarization induced by the NK, vs. NK, receptor
agonist.

Overall, the present findings support the view that both
NK, and NK, receptors are junctionally activated during
NANC e.j.p. in guinea-pig duodenum, yet the clear additivity

was evident only after blockade of calcium channels. The
observed differential profile of antagonism produced by GR
82,334 and MEN 10,627 or GR 94,800 on the electrical and
mechanical components of NANC excitatory transmission
may be explained by a co-operation of the signal generated
by NK, and NK, receptors in attaining threshold for firing
action potentials. Further studies are needed to verify this
hypothesis. In any case, the pattern observed in the circular
muscle of the guinea-pig duodenum differs markedly from
that found in the proximal colon, where the response
initiated by activation of NK, and NK, receptors shows a
remarkable specialization leading to NANC excitatory res-
ponses with distinct and separate time courses and onset/
offset kinetics of contraction (Zagorodnyuk et al., 1993; 1994;
Maggi et al., 1994d).

Biphasic NANC e.j.p. in the presence of nifedipine and
role of ATP as excitatory transmitter

In most strips tested in the presence of apamin, L-NOARG
and nifedipine, train EFS produced a biphasic e.j.p. which
involves several mediators; in some strips a fast NANC e.j.p.
was also produced by single pulse EFS. These findings are
strongly reminiscent of the results obtained in the circular
muscle of the guinea-pig ileum, in which a biphasic e.j.p. to
nerve stimulation was likewise observed (Niel er al., 1983;
Bywater & Taylor, 1986; Crist et al., 1991). Our findings
indicate that, in addition to TKSs, another excitatory trans-
mitter, possibly ATP (see below), mediates the fast NANC
ej.p. in the guinea-pig duodenum, while the slow e.j.p. is
mediated almost exclusively by TKs. Various studies have
implicated ATP as a mediator of the NANC ij.p in the
circular muscle of the guinea-pig intestine (e.g. Crist et al.,
1991; Zagorodnyuk & Maggi, 1994). In the guinea-pig
duodenum, the i.j.p. evoked by EFS was totally eliminated
by apamin and L-NOARG: although we did not investigate
the effect of these two drugs separately, it appears con-
ceivable that, in analogy with circular muscle of the ileum
(cf. He & Goyal, 1993), apamin alone may be sufficient to
block the inhibitory action of ATP. The ability of apamin to
convert the hyperpolarizing effect of ATP into a depolariza-
tion was reported previously in guinea-pig intestine (Shuba &
Vladimirova, 1980). The application of apamin and L-
NOARG totally eliminated the NANC i.j.p. and, in parallel,
converted the hyperpolarization induced by ADPSS into a
depolarization. We speculate that after blockade of apamin-
sensitive K channels, a depolarizing effect of endogenous
ATP was unmasked, involving changes of permeability for
some ions. For instance, receptor-gated, calcium permeable,
nonselective cation channels are activated by ATP in vascular
smooth muscle (Benham & Tsien, 1987).

The evidence for an involvement of ATP in the fast
NANC e.j.p. can be summarized as follows: (i) suramin
selectively reduced the fast phase of NANC e.j.p.; (ii)) when
tested in presence of apamin and L-NOARG, ADPSS pro-
duced depolarization and contraction; (iii) suramin selectively
suppressed the electrical and mechanical responses to ADPBS
without affecting that to [Sar’]SP sulphone. Previously, we
suggested that, in addition to acetylcholine and TKs, a third
excitatory mediator could be involved in the ascending
excitatory reflex to the circular muscle of the guinea-pig
ileum, especially in the presence of apamin and L-NOARG
(Maggi et al., 1994b). The present findings raise the pos-
sibility that, under certain circumstances, ATP may act as
excitatory mediator participating in some form of atropine-
resistant neuromuscular transmission. On the other hand, the
need to block NANC inhibitory mechanisms to demonstrate
an ATP-mediated NANC e.j.p. casts some doubt on the
physiological relevance of this mechanism.

Interestingly, the fast e.j.p. evoked by single pulse EFS in
the presence of apamin and L-NOARG was inhibited by
suramin while it was unaffected by the combined administra-
tion of GR 82,334 and GR 94,800; on the other hand, a
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partial inhibitory effect of the TK receptor antagonists was
evident on the fast e.j.p. evoked by train EFS. Therefore the
fast e.j.p. to single pulse EFS may represent a pure ATP-
mediated event, possibly reflecting the need of more intense
stimulation for release of TKs.

In conclusion, both NK, and NK, receptors mediate
NANC e.j.p. and contraction in the circular muscle of the
guinea-pig duodenum, and a co-operation of the signal(s)
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P,-purinoceptor-mediated inhibition of noradrenaline release

in rat atria

'Tvar von Kiigelgen, Daniel Stoffel & Klaus Starke

Pharmakologisches Institut, Universitit Freiburg, Hermann-Herder-Strasse 5, D79104 Freiburg i. Br., Germany

1 We looked for P,-purinoceptors modulating noradrenaline release in rat heart atria. Segments of the
atria were preincubated with [’H]-noradrenaline and then superfused with medium containing desi-
pramine (1 puM) and yohimbine (1 pM) and stimulated electrically, by 30 pulses/l Hz unless stated
otherwise.

2 The adenosine A,-receptor agonist, NS-cyclopentyl-adenosine (CPA; ECs, 9.7nM) and the
nucleotides, ATP (ECs, 6.6uM) and adenosine-5-O-(3-thiotriphosphate) (ATPyS; ECs 4.8 um),
decreased the evoked overflow of tritium. The adenosine A,,-agonist, 2-p-(2-carbonylethyl)-
phenethylamino-5'-N-ethylcarboxamido-adenosine (CGS-21680; 0.03-0.3 pM) and the P,x-purinoceptor
agonist p,y-methylene-L-ATP (30 uM) caused no change.

3 The concentration-response curve of CPA was shifted to the right by the adenosine A,-receptor
antagonist, 8-cyclopentyl-1,3-dipropyl-xanthine (DPCPX; 3 nM; apparent pKp value 9.7) but hardly
affected by the P,-purinoceptor antagonist, cibacron blue 3GA (30 uMm). In contrast, the concentration-
response curves of ATP and ATPyS were shifted to the right by DPCPX (3 nM; apparent pKjp values 9.3
and 9.4, respectively) as well as by cibacron blue 3GA (30 uM; apparent pKp values 5.0 and 5.1,
respectively). Combined administration of DPCPX and cibacron blue 3GA caused a much greater shift
of the concentration-response curve of ATP than either antagonist alone. The concentration-response
curve of ATP was not changed by indomethacin, atropine or the 5'-nucleotidase blocker a,f-methylene-
ADP.

4 Cibacron blue 3GA (30 uM) increased the evoked overflow of tritium by about 70%. The increase
was smaller when the slices were stimulated by 9 pulses/100 Hz instead of 30 pulses/1 Hz.

5 The results indicate that the postganglionic sympathetic axons in rat atria possess P,-purinoceptors
in addition to the known adenosine A;-receptor. Both mediate inhibition of noradrenaline release. Some
adenine nucleotides such as ATP and ATPyS act at both receptors. The presynaptic P,-purinoceptor
seems to be activated by an endogenous ligand, presumably ATP, under the condition of these
experiments. This is the first evidence for presynaptic P,-purinoceptors at cardiac postganglionic
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sympathetic axons.
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Rat heart atrium; P,-purinoceptor; P,-purinoceptor; presynaptic purinoceptors; noradrenaline release; adenine

nucleotides; ATP; adenosine-5'-O-(3-thiotriphosphate) (ATPyS); cibacron blue 3GA; suramin

Introduction

Among other locations, P,-purinoceptors occur presynap-
tically at terminal noradrenergic axons. Activation of
presynaptic P,-purinoceptors of various types has been
reported to increase the release of noradrenaline in rabbit ear
artery (Miyahara & Suzuki, 1987), guinea-pig ileum (Sper-
lagh & Vizi, 1991), and chick cultured sympathetic neurones
(Allgaier et al., 1994). In mouse and rat vas deferens, rat iris
and rat brain cortex, activation of presynaptic P,y-like
purinoceptors decreases the release of noradrenaline (von
Kiigelgen et al., 1989; 1993; 1994b,c; Fuder & Muth, 1993;
Kurz et al., 1993). Chick cultured sympathetic neurones pos-
sess release-inhibiting P,-purinoceptors, not classified further,
in addition to the release-enhancing receptors (Allgaier et al.,
1994). Some peripheral release-inhibiting P,-purinoceptors
seem to function as autoreceptors, i.e. to be activated by
endogenous ATP released as postganglionic sympathetic co-
transmitter of noradrenaline (Fujioka & Cheung, 1987;
Fuder & Muth, 1993; Kurz ez al., 1993; von Kiigelgen et al.,
1993; 1994a,b; Gongalves & Queiroz, 1994; Grimm et al.,
1994).

Adenine nucleotides such as ATP exert P,-purinoceptor-
mediated effects on the heart; the force of contraction, for
example, is increased (for review see Ralevic & Burnstock,
1991). We have now looked for presynaptic P,-purinoceptors
at the sympathetic axons innervating rat atria. Adenine

! Author for correspondence.

nucleosides (Wakade & Wakade, 1978; Khan & Malik, 1980;
Richardt et al., 1987) and nucleotides (Khan & Malik, 1980)
reduce the release of noradrenaline in the rat heart. The
nucleosides act through adenosine A,-receptors (Richardt et
al., 1987). The possibility of an involvement of P,
purinoceptors in the effect of adenine nucleotides (Khan &
Malik, 1980) was not (and at that time could not be)
examined. Some results have been published in abstract form
(Stoffel et al., 1994).

Methods

Male Wistar rats weighing 240—300 g (Savo, Kisslegg, Ger-
many) were killed by cervical dislocation and exsanguination.
The atria were cut into about 14 segments of 4—6 mg (from
two rats). Six atrial segments were preincubated at 37°C for
30 min in each of two vials containing 4 ml medium with
(-)-H]-noradrenaline (0.1 pM). The segments were then
washed three times with [’ H}-noradrenaline-free medium. One
segment was transferred to each of twelve superfusion
chambers where it was held by a polypropylene mesh
between platinum plate electrodes 4 mm apart. The tissue
was superfused with [*H]-noradrenaline-free medium for
144 min at 1 ml min~! and 37°C. A Stimulator I (Hugo Sachs
Elektronik, March-Hugstetten, Germany) operating in the
constant current mode was used for electrical field stimula-
tion. Five periods of stimulation were applied (rectangular
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pulses of 1 ms width and 60 mA current strength). The first,
delivered after 30 min of superfusion and consisting of 30
pulses/1 Hz, was not used for determination of tritium
overflow. The following stimulation periods (S,—S,;) began
after 66, 87, 108 and 129 min of superfusion and consisted of
30 pulses/l Hz unless stated otherwise. The collection of
successive 3-min superfusate samples began 6 min before S,.
After superfusion, each tissue segment was solubilized, and
tritium was measured in superfusate samples and solubilized
tissues by liquid scintillation counting.

The superfusion medium contained (mM): NaCl 118, KCl
4.8, CaCl, 2.5, MgSO, 1.2, NaHCO; 25, KH,PO, 0.9, glucose
11, ascorbic acid 0.3 and disodium EDTA 0.03. The medium
used for preincubation contained CaCl, 0.2 mM instead of
2.5mM (see Limberger er al., 1992). Media were saturated
with 5% CO, in O,. The pH was adjusted to 7.4 with NaOH
1 M. The superfusion but not the preincubation medium
contained in addition, desipramine (1 uM) and, in most
experiments, yohimbine (1 uM) in order to block uptake, and
presynaptic a,-adrenoceptors, respectively. Other drugs were
present either throughout superfusion, or from 6 min before
S, for the remainder of the experiment, or, at increasing
concentrations, from 6 min before to 15 min after the onset
of S,, S; and S,. The delay from addition of drug to medium
to arrival at tissue was about 60 s.

The outflow of tritium was expressed as fractional rate
(min~!) (Kurz et al., 1993). The electrically evoked overflow
was calculated as the difference ‘total overflow during the
9min after onset of stimulation’ minus ‘estimated basal
outflow’; the basal outflow was assumed to decline linearly
from the 3-min interval before, to the interval 9-12 min
after, onset of stimulation. The difference (total minus basal;
Bq) was expressed as a percentage of the tritium content (Bq)
of the tissue at the onset of stimulation. Effects of drugs that
were added after S, on basal tritium efflux were evaluated as
ratios of the fractional rate immediately before S,, S; and S,
and the fractional rate immediately before S, (b,/b,). Effects
of drugs that were added after S, on electrically evoked
overflow were evaluated as ratios of the overflow elicited by
S;, S; and S, and the overflow elicited by S; (S,/S)). S./S:
ratios obtained in individual experiments in which a test
compound A was added after S, were calculated as a percen-
tage of the respective mean ratio in the appropriate control
group (solvent instead of A). When the interaction of A,
added after S,, and a drug B, added throughout superfusion,
was studied, the ‘appropriate control’ was a group in which
B alone was used.

Where relevant, the sigmoid-shaped function No. 25 of
Waud (1976) was fitted to averaged agonist concentration-
inhibition data. The function yielded the maximal inhibition
and the EC;s, (concentration that caused 50% of the maximal
inhibition). For concentration-inhibition data from experi-
ments carried out in the presence of the antagonists DPCPX
or cibacron blue 3GA, the maximal inhibition was fixed to
that obtained in the absence of antagonist (cf. Kurz et al.,
1993). pKs (— log Kg) values of DPCPX and cibacron blue
3GA were calculated from the increase in ECs, values. Since
only one antagonist concentration was used and a com-
petitive character of the antagonism was not verified, the
values are apparent pKy values (cf. von Kiigelgen et al.,
1994c).

Drugs used were: suramin hexasodium (Bayer, Wuppertal,
Germany), (—)-[ring-2,5,6-*H}-noradrenaline, specific activity
1.48-2.65 TBqmmol~' (Du Pont, Dreieich, Germany),
atropine sulphate (Merck, Darmstadt, Germany), 2-p-(2-
carbonylethyl)-phenethylamino-5'-N-ethylcarboxamido-adeno-
sine HCl (CGS-21680), Né-cyclopentyl-adenosine (CPA), 8-
cyclopentyl-1,3-dipropylxanthine (DPCPX), B,y-methylene-L-
adenosine-5'-triphosphate tetrasodium (B,y-methylene-L-ATP),
(=)-propranolol HCl (Research Biochemicals, Biotrend, Kéln,
Germany), yohimbine HCl (Roth, Karlsruhe, Germany),
adenosine-5’-O-(3-thiotriphosphate)  tetralithium (ATPyS),
ATP disodium, cibacron blue 3GA (C-9534 in Sigma

catalogue 1994; isomer of reactive blue 2 in which the sul-
phonic acid residue at the terminal benzene ring is in the
o-position; see footnote on p. 130 of von Kiigelgen et al.,
1994b), desipramine HCI, indomethacin, a,B-methylene-
adenosine-5’-diphosphate (a,8-methylene-ADP), tetrodotoxin
(Sigma, Deisenhofen, Germany). Solutions of drugs were
prepared with either distilled water, or (indomethacin) the
KH,PO,- and NaHCOs-containing stock solution of the
medium, or (CGS-21680, DPCPX) dimethyl sulphoxide (final
concentration about 0.1 mM), or (CPA) ethanol (final con-
centration about 1mM), or (tetrodotoxin) sodium acetate
buffer (0.1 M, pH 4.8). The solvents did not change basal
tritium efflux or the evoked overflow. Dimethyl sulphoxide
(0.1 mM) was added in all experiments throughout super-
fusion to make them directly comparable.

Means * s.e.mean are given throughout. Differences be-
tween means were tested for significance by the Mann-
Whitney test. P<0.05 or lower was taken as the criterion of
statistical significance. For multiple comparisons with the
same control, P levels were adjusted according to Bonferroni.
n is the number of tissue pieces.

Results

Stimulation by 30 pulses/l Hz markedly increased the
outflow of tritium from atrial segments preincubated
with [*H}-noradrenaline (Figure 1a). When the superfusion
medium contained yohimbine (1 uM) in addition to desi-
pramine (1 pM), as in the majority of experiments, the frac-
tional rate of efflux immediately before S, (b,) averaged
0.00161 £ 0.00003 min~', corresponding to 21.6% 0.6 Bq
min~!, and the overflow at S, (Table 1) 1.025 + 0.037% of
the tritium content of the tissue, corresponding to 150.7 * 8.4
Bq (n=132). Experimentally induced changes will be men-
tioned below.

When solvent was administered after S, (6 min before S,),
the b,/b,, bs/b;, and b,/b, ratios were 0.97 £ 0.01, 0.97 £ 0.01
and 0.94 £ 0.02, and S,/S,, S;/S,, and S,/S, ratios 1.01 £ 0.01,
0.99 £ 0.01 and 0.98 + 0.01, respectively (n = 12; Figure 1la).
Average b,/b, ratios also were slightly below unity, and S,/S,
ratios close to unity, when the additional compounds listed in
Table 1 were present in the medium throughout superfusion
and solvent was added after S, (not shown).

Evoked tritium overflow: adenine nucleosides and
nucleotides

In an initial series of experiments, drugs were added after S,
and then kept at a constant concentration. Tetrodotoxin
(0.3 uM) abolished the evoked overflow of tritium (Figure
2a). The adenosine A,-receptor agonist CPA (0.3 uM; Wil-
liams et al., 1986) as well as the nucleotides ATP (30 and
300 um) and ATPyS (30 uM), a metabolically more stable
analogue (Welford et al., 1986), caused marked inhibition
which was approximately constant from S,, after 6 min of
exposure, to S,, after 48 min of exposure (Figure 2). No
change was observed with the adenosine A,-agonist, CGS-
21680 (0.03 and 0.3 pM; Jarvis et al., 1989; Figure 2a) and
the metabolically stable P.k-selective ATP analogue B,y-
methylene-L-ATP (30 uM; Hourani et al., 1986; Figure 2c).

When added after S, at increasing concentrations, CPA,
ATP and ATPyS reduced the evoked overflow of tritium in a
concentration-dependent manner (ATP in Figure 1b; concen-
tration-inhibition curves in Figures 3 to 5, open symbols).
The ECs, values (maximal inhibitions) were 9.7 nM (89%) for
CPA, 6.6 uM (95%) for ATP, and 4.8 uM (88%) for ATPyS.

Evoked tritium overflow: interactions

Drugs tested for their interaction with CPA, ATP and
ATPyS were added throughout superfusion (in addition to
desipramine and yohimbine). When thus applied, the
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adenosine A,-receptor antagonist, DPCPX (3 nM; Bruns et
al., 1987; Lohse et al., 1987) slightly increased the overflow
evoked by S, (Table 1). It shifted the concentration-inhibition
curves of CPA, ATP and ATPyS to the right by similar
degrees (Figure 3; solid symbols). The shifts correspond to

a
0.005 |- {. % % +
0.004 |
0.003 -
= 0002}
£
E +H
2 oo001f ! ! !
‘3—2 S1 Sz Sg S4
g Solvent
5 o000-
=S b
% 0.005
[]
] h
T 0.004}
L
°©
i
“ o003}
0.002 M
+4
] | 1 ]
0001} s, S, S3 S.
__—I___’_—
L ATP 1 10 100 pm
0.000b , .
60 90 120

Time (min) of superfusion

Figure 1 Time course of tritium outflow from segments of rat atria
and effect of ATP. After preincubation with [*H]-noradrenaline,
tissue segments were superfused with medium containing desipramine
(1 uM) and yohimbine (1 pM). They were stimulated four times by 30
pulses/1 Hz (S,-S,). Solvent (a; n=12) or ATP (b; n=10) was
added as indicated.

Table 1 Electrically evoked tritium overflow (S,)

apparent pKjp values of DPCPX against CPA, ATP and
ATPyS of 9.7, 9.3 and 9.4, respectively.

The P,-purinoceptor antagonist, cibacron blue 3GA
(30 uM; Kerr & Krantis, 1979; Fuder & Muth, 1993; see
footnote in von Kiigelgen et al, 1994b) increased the
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Figure 2 Effects of purinoceptor agonists and tetrodotoxin on
electrically evoked overflow of tritium. After preincubation with
[*H}-noradrenaline, atrial segments were superfused with medium
containing desipramine (1 uM) and yohimbine (1 puM). They were
stimulated four times by 30 pulses/l Hz (S,-S,). 2-p-(2-Car-
bonyethyl)-phenethylamino-5'-N-ethylcarboxamido-adenosine (CGS-
21680; V 0.03 and V¥ 0.3 pM; a), N°-cyclopentyl-adenosine (CPA; B
0.3 pM; a), tetrodotoxin (X, 0.3 puM; a), ATP (O 30 and @ 300 pm;
b), B,y-methylene-L.-ATP (A 30uM; c) or adenosine-5-O-(3-
thiotriphosphate) (ATPyS; @ 30 uM; c) was added 6 min before S,
for the remainder of the experiment. Ordinates, evoked tritium
overflow: S,/S, ratios obtained in individual tissue segments were
calculated as percentage of the corresponding average control S,/S,
ratio. Means * s.eemean from 4-11 tissue segments. Significant
differences from correspoiiding control: **P <(.01.

Drugs present throughout superfusion

DPCPX 3 nM

Cibacron blue 3GA 30 um

Cibacron blue 3GA 30 um*

DPCPX 3 nM + cibacron blue 3GA 30 um
a,B-Methylene-ADP 100 uM

Indomethacin 10 uM

Indomethacin 10 puM + cibacron blue 3GA 30 uMm
Atropine 1 um

Indomethacin 10 uM + atropine 1 uM + propranolol 1 uM + DPCPX 3 nM

Overflow evoked by S,

(% of tissue tritium) n
1.025 + 0.037 132
1.272 £ 0.046** 48
1.914 £ 0.057** 43
1.465* 0.151* 24
2.142 £ 0.135** 16
1.228 £ 0.125 11
1.263 + 0.082* 24
1.795 % 0.090** 24
1.631 £ 0.097** 20
1.359 £ 0.071** 12

After preincubation with [*H]-noradrenaline, atrial segments were superfused with medium containing the drugs indicated (in addition
to desipramine, 1 uM, and yohimbine, 1 puM, which were also present throughout superfusion). S, was applied after 66 min of
superfusion and consisted of 30 pulses/1 Hz. DPCPX, 8-cyclopentyl-1,3-dipropylxanthine. Means % s.e.mean from » tissue segments.

aCurrent strength 30 instead of 60 mA.

Significant differences from experiments, shown in first line, in which only desipramine and yohimbine were present: *P <0.05 and

**pP<0.01.
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overflow at S; by 87% (Table 1). It caused little if any
change in the concentration-response curve of CPA but
shifted the curves of ATP and ATPyS clearly to the right
(Figure 4; solid symbols). Apparent pKp values of cibacron
blue 3GA against ATP and ATPyS were 5.0 and 5.1, respec-
tively.

An increase in transmitter release may per se attenuates the
modulation of release through presynaptic receptors, irres-
pective of the cause of the increase (see p. 926 of Starke et
al., 1989). Therefore, in some experiments with cibacron blue
3GA (30 uM) the current strength was lowered from 60 to
30 mA in order to bring the reference overflow, at S, in the
presence of cibacron blue 3GA, closer to values obtained in
the absence of the antagonist (Table 1). Cibacron blue 3GA
30 pM shifted the concentration-inhibition curve of ATP to
the right despite the S, adjustment (compare Figure 4b and
4d), indicating that the shift was in fact due to blockade of
P,-purinoceptors rather than to the increase in transmitter
release per se (see von Kiigelgen et al., 1992). [We did not
determine a concentration-inhibition curve of ATP at 30 mA
in the absence of cibacron blue 3GA; from all that is known
on presynaptic receptors it would lie to the left of the curve
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Figure 3 Interaction of purinoceptor agonists with 8-cyclopentyl-
1,3-dipropylxanthine (DPCPX) or cibacron blue 3GA combined with
DPCPX. After preincubation with [*H]-noradrenaline, atrial
segments were superfused with medium containing desipramine
(1 pM) and yohimbine (1 pM). They were stimulated four times by 30
pulses/1 Hz (S,-S,). N°-cyclopentyl-adenosine (CPA, a), ATP (b) or
adenosine-5’-O-(3-thiotriphosphate) (ATPyS, c¢) was added at increas-
ing concentrations from 6 min before to 15 min after onset of S,, S;
and S,;. Open symbols, experiments in which CPA, ATP or ATPyS
was given alone; solid symbols, experiments in which medium con-
tained DPCPX (3 nM) throughout superfusion; (X) experiments in
which medium contained both DPCPX (3 nM) and cibacron blue
3GA (30 um) throughout superfusion (b). Ordinates, evoked tritium
overflow: S,/S, ratios obtained in individual tissue segments were
calculated as percentage of the corresponding average control S,/S,
ratio. Means * s.e.mean from 4-10 tissue segments. Significant
differences from experiments in which CPA, ATP or ATPyS was
given alone: *P<0.05 and **P<0.01.

determined at 60 mA (p. 102 of Starke, 1987), so the shift by
cibacron blue 3GA would be even more pronounced than
shown in Figure 4d.]

Combined administration of cibacron blue 3GA (30 uM)
and DPCPX (3 nM) enhanced the overflow evoked by S, by
109% (Table 1) and shifted the concentration-response curve
of ATP beyond the shifts caused by DPCPX alone (Figure
3b) and cibacron blue 3GA alone (Figure 4b). The shift
beyond that produced by DPCPX alone (Figure 3b) corres-
ponds to an apparent pKp of cibacron blue 3GA against
ATP of 4.7, close to the 5.0 obtained in the absence of
DPCPX (Figure 4b).

Further interaction experiments were carried out in search
for possible mediators of the inhibitory effect of ATP. a,p-
Methylene-ADP (100 uM) was used to block 5’-nucleotidase
(Fredholm et al., 1982; Fleetwood & Gordon, 1987; Borst &
Schrader, 1991), the enzyme that catalyses the dephos-
phorylation of AMP to adenosine. a,8-Methylene-ADP did
not change S, (Table 1) and did not affect the concentration-
response curve of ATP (Figure 5a). Indomethacin (10 pM)
and atropine (1 uM) were used at concentrations known to
block the synthesis of prostaglandins in the heart (Starke et
al., 1977; Khan & Malik, 1980) and presynaptic muscarinic
receptors (Fozard & Muscholl, 1972), respectively. Both in-
creased the overflow at S, (Table 1), possibly by removing a
presynaptic inhibition by prostaglandins and acetylcholine
(see Fuder & Muscholl, 1995). Neither indomethacin (Figure
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Figure 4 Interaction of purinoceptor agonists with cibacron blue
3GA or 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) combined with
cibacron blue 3GA. Open symbols, experiments in which N¢-
cyclopentyl-adenosine (CPA, a), ATP (b and d) or adenosine-5-O-
(3-thiotriphosphate) (ATPyS, c) was given alone (identical with
Figure 3); solid symbols, experiments in which medium contained
cibacron blue 3GA (30 uM) throughout superfusion; ( X ) experiments
in which medium contained both cibacron blue 3GA (30 um) and
DPCPX (3 nM) throughout superfusion (b; identical with (X) in
Figure 3b). In some experiments in which cibacron blue 3GA was
tested against ATP the current strength for electrical stimulation was
reduced from 60 to 30 mA (solid symbols in d). Means % s.e.mean
from 4-11 tissue segments. Other details as in Figure 3.



I. von Kugelgen et al

Presynaptic P,-purinoceptors in rat atria 251

5b) nor atropine (Figure 5c) changed the concentration-
response curve of ATP. Cibacron blue 3GA (30 uM) shifted
the concentration-response curve of ATP to the right also in
the presence of indomethacin (10 uM; Figure 5b). The com-
bination of indomethacin and cibacron blue 3GA increased
the overflow of tritium at S, as did each compound alone
(Table 1).

Evoked tritium overflow: purinoceptor antagonists

Effects of purinoceptor antagonists on the evoked overflow
of tritium were already observed when they were present
throughout superfusion (S,; Table 1). However, drug effects
are better assessed in this kind of experiment when the drugs
are given after S, so that S, is the reference for each tissue
segment (von Kiigelgen et al., 1994b). Cibacron blue 3GA
30 uM, when thus administered in desipramine- and yohim-
bine-containing medium, increased the overflow of tritium
evoked by 30 pulses/1 Hz by 67% (Table 2), similar to the
87% increase of S, when cibacron blue 3GA was applied
throughout superfusion (Table 1). The P,-purinoceptor
antagonist, suramin (300 uM; Dunn & Blakeley, 1988) in-
creased the evoked overflow by 9% only (Table 2). DPCPX
(3 nM) caused no change (Table 2), and this questions the
relevance of the slight increases in S; observed when DPCPX
was present throughout superfusion.

Cibacron blue 3GA 30puM increased the overflow of
tritium evoked by 30 pulses/1 Hz to a similar extent, namely
by 72.6 £ 7.4%, when the medium contained indomethacin
(10 uM), atropine (1 uM), propranolol (1 uM) and DPCPX
(3 nM) in addition to desipramine and yohimbine throughout
superfusion (n = 6; protocol of Table 2; S, in Table 1).

Cibacron blue 3GA also increased the tritium overflow
evoked by 30 pulses/1 Hz, and DPCPX also failed to cause a
significant change, when yohimbine was omitted from the
medium (Table 2). In these experiments the overflow at S,
was 0.316 £0.019% of the tritium content of the tissue
(n=24), about one third of that observed in presence of
desipramine and yohimbine (Table 1). Accordingly, yohim-
bine (1 uM) increased the overflow evoked by 30 pulses/1 Hz
about threefold when added after S, to previously
yohimbine-free medium (Table 2).

Finally, trains consisting of 9 pulses/100 Hz were used for
stimulation (Table 2). The overflow of tritium elicited by S,
was 0.217 £0.014% of tissue tritium (n =24). DPCPX and
yohimbine did not affect the evoked overflow. Cibacron blue
3GA caused an increase by 38%, significantly (P <<0.01) less
than in slices stimulated by trains of 30 pulses/1 Hz (Table
2).

Basal tritium efflux

None of the drugs, whether present throughout superfusion
(in addition to desipramine) or added after S;, changed

significantly the basal efflux of tritium, with two exceptions:
ATP (100 pM) caused a slight increase (see Figure 1b), and
DPCPX (3nM), when present throughout superfusion,
caused a small decrease (not shown).

Discussion

The electrically evoked overflow of tritium in experiments of
this kind reflects action potential-induced, neural release of
[’H]-noradrenaline (cf. for rat heart Fuder et al., 1982). The
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Figure 5 Interaction of ATP with a,B-methylene-ADP, indo-
methacin or indomethacin combined with cibacron blue 3GA, and
atropine. Open symbols, experiments in which ATP was given alone
(identical with Figure 3); solid symbols, experiments in which
medium contained a,f-methylene-ADP (100 puM; a), indomethacin
(10puM; b) or atropine (1uM; c) throughout superfusion; (X)
experiments in which medium contained both indomethacin (10 pm)
and cibacron blue 3GA (30um) throughout superfusion (b).
Means * s.e.mean from 4-11 tissue segments. Other details as in
Figure 3.

Table 2 Effects of purinoceptor antagonists and yohimbine on electrically evoked tritium overflow

Drugs added 6 min 30 p/1 Hz

before S, Yohimbine (1 uM) present
- 100.0 £ 0.9 (6)
DPCPX 3 nM 1039+ 3.8 (5)

Cibacron blue 3GA 30 uMm
Suramin 300 um
Yohimbine 1pum -

166.9 £ 5.1 (5)*

108.6 £ 1.7 (6)**

Evoked tritium overflow
(S, to S4/S;; % of control)
30 p/1 Hz
No yohimbine

9 p/100 Hz
No yohimbine

100.0+2.9 (6)
1078 £3.9 (6)
1912 £ 11.5 (6)**

100.0 £ 5.0 (6)
108.5 £ 6.0 (6)
1380+ 9.5 (6)*

326.1 £ 23.1 (6)** 110.7 £ 4.5 (5)

After preincubation with [*H]-noradrenaline, atrial segments were superfused with medium containing desipramine (1 pM) and, where
indicated in heading, yohimbine (1 uM). They were stimulated electrically four times (S,-S,) at pulse numbers and frequencies
indicated. 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX), cibacron blue 3GA, suramin or yohimbine was added 6 min before S, for the
remainder of the experiment. Ratios ‘average overflow at S, to S, over overflow at S;’ obtained in individual tissue segments were
calculated as a percentage of the corresponding average control ratio. Means * s.e.mean from (n) tissue segments.

Significant differences from corresponding control (first line): *P <0.05 and **P <<0.01.
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medium contained desipramine (1 uM) and in most experi-
ments yohimbine (1puM), thus ensuring that changes in
evoked tritium overflow caused by purinoceptor ligands were
not due to an interference with uptake, or a,-adrenoceptors.

Presynaptic adenosine A -receptors

Our experiments confirm the operation of release-inhibiting
P,-purinoceptors of the A,-subtype at the sympathetic ter-
minal axons in rat heart (see Introduction). In accord with
this assumption, only the A,-receptor agonist, CPA, but not
the A,.-receptor agonist, CGS-21680 affected the release of
noradrenaline. Moreover, the adenosine A,-receptor anta-
gonist, DPCPX shifted the concentration-response curve of
CPA to the right with an apparent pKp value (9.7) close to
values found at presynaptic A,-receptors in other rat tissues
(9.3-9.8; Sebastido et al., 1990; Fuder er al., 1992; Kurz et
al., 1993; von Kiigelgen et al., 1994c). The release-inhibiting
P,-purinoceptors at the sympathetic axons of guinea-pig
papillary muscles also belong to the A,-subtype (Schiitz et
al., 1991).

The presynaptic A,-receptors also mediated part of the
inhibition caused by adenine nucleotides. DPCPX shifted the
concentration-response curves of ATP and ATPyS to the
right with apparent pKj values (9.3 and 9.4) similar to the
pKg against CPA (9.7). Blockade of S'-nucleotidase by a,B-
methylene-ADP did not change the inhibition produced by
ATP, indicating that breakdown to adenosine was not neces-
sary for the effect. The result supports previous conclusions
that some adenine nucleotides activate adenosine (A))-
receptors directly (noradrenergic axons: von Kiigelgen et al.,
1992; 1994b,c; Fuder & Muth, 1993; Kurz et al., 1993,
non-noradrenergic axons: Moody et al., 1984; Wiklund et al.,
1985; Rubino et al., 1992; non-neural cells: Collis & Pet-
tinger, 1982; Bailey er al., 1992). The common presynaptic
receptor for adenine nucleosides and nucleotides at the sym-
pathetic fibres of rat tail artery and rabbit vas deferens has
been proposed to be a new ‘hybrid’ P;-purinoceptor
(Shinozuka et al., 1988; Todorov et al., 1994). In rat atria,
the identical pKy values of DPCPX against CPA, ATP and
ATPyS (9.3-9.7; see above) indicate that the presynaptic
receptor is the classical adenosine A,-receptor (compare von
Kiigelgen er al., 1992; 1994c; Kurz et al., 1993).

Presynaptic P,-purinoceptors

Presynaptic A,-receptors were not the only site of inhibition
by ATP and ATPyS: there was an additional, P,-
purinoceptor, site. The P, antagonist, cibacron blue 3GA,
hardly changed the effect of CPA, but clearly shifted the
concentration-inhibition curves of ATP and ATPyS to the
right, with apparent pKy values (5.0 and 5.1) close to those
found at the presynaptic P,-purinoceptors in rat iris (4.7;
Fuder & Muth, 1993) and brain cortex (5.0; von Kiigelgen et
al., 1994c). Cibacron blue 3GA produced a similar shift
(apparent pKp 4.7) when tested in combination with DPCPX
(beyond the shift caused by DPCPX alone), as predicted
from theory when there are two different receptors for an
agonist. Atropine failed to change the effect of ATP, thus
excluding a cholinergic link. Indomethacin also did not alter
the effect of ATP (confirming Khan & Malik, 1980), and
cibacron blue 3GA shifted the concentration-inhibition curve
of ATP even in the presence of indomethacin, although the
shift was somewhat reduced; at least the major part of the
inhibition by ATP, therefore, was independent of cyclo-
oxygenase products. In all likelihood, the P,-purinoceptors
are located at the sympathetic terminal axons themselves.
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Potentiation of the hyporeactivity induced by in vivo
endothelial injury in the rat carotid artery by chronic
treatment with fish oil

!Ghislaine A. Joly, Valerie B. Schini, Helen Hughes & Paul M. Vanhoutte

Center for Experimental Therapeutics, Baylor College of Medicine, Houston TX 77030, U.S.A.

1 The present study investigates whether or not chronic feeding of rats with a diet enriched in fish oil
affects the reactivity of balloon-injured carotid arteries. The left carotid arteries were injured in vivo by
the repeated passage of a balloon catheter. Both the right (control artery) and the left carotid arteries
were excised 24 h after the injury, and suspended in organ chambers for the measurement of changes in
isometric tension in the presence of indomethacin.

2 Phenylephrine evoked similar concentration-contraction curves in the right (control) carotid arteries
without endothelium from control and fish oil-fed rats. Balloon injury decreased the contractility of
carotid arteries to phenylephrine in both types of rats and the pECs, for phenylephrine was significantly
decreased in balloon-injured arteries from control rats compared to those obtained in arteries from fish
oil-fed rats (pECs, 7.59 £ 0.1 and 7.28 £ 0.06, respectively) while maximal contractions were similar
(1.93+0.15g and 1.79 £ 0.12 g, respectively).

3 The treatment of control right carotid arteries without endothelium with either N°-nitro-L-arginine
(an inhibitor of nitric oxide synthase) or superoxide dismutase (which protects nitric oxide from
degradation) did not affect significantly the contractions to phenylephrine in either group. In these
preparations, methylene blue (an inhibitor of soluble guanylate cyclase) decreased slightly but
significantly maximal contractions to phenylephrine in both groups. The treatment of balloon-injured
carotid arteries with NC-nitro-L-arginine or methylene blue partly restored contractions to phenylephrine
in arteries from both types of rat. Superoxide dismutase further depressed the contractility to the
o,-adrenoceptor agonist in balloon-injured arteries from control diet-fed rats but had no effect in
balloon-injured preparations from fish oil-fed rats.

4 3-Morpholino-sydnonimine (SIN-1, a donor of nitric oxide) evoked similar concentration-dependent
relaxations in control and balloon-injured carotid arteries from both types of rat.

5 Balloon injury caused an increase in the tissue content of cyclic GMP in carotid arteries from control
diet-fed rats. This production of cyclic GMP was abolished by NC-nitro-L-arginine. Superoxide dis-
mutase potentiated significantly the production of cyclic GMP caused by balloon injury in control but
not in fish oil-fed rats.

6 These observations confirm that in vivo balloon injury causes the production of nitric oxide in the
injured blood vessel wall. This production of nitric oxide from L-arginine accounts for the decreased
contractility to phenylephrine and the accumulation of cyclic GMP in balloon-injured arteries. They
further indicate that chronic feeding of rats with fish oil potentiates the L-arginine-nitric oxide pathway
in the injured vessel leading to an enhanced hyporeactivity to phenylephrine.

Keywords: Endothelial injury; fish oil; nitric oxide; vascular injury

Introduction

Inflammatory mediators such as interleukin-1p activate vas-
cular smooth muscle cells to produce nitric oxide following
the induction of nitric oxide synthase (Wood et al., 1990;
Radomski et al., 1990; Kilbourn & Belloni, 1990; Fleming et
al., 1990; Knowles et al., 1990; Beasley et al., 1991; Schini et
al., 1991). This response of vascular smooth muscle to
inflammatory mediators is likely to account for the
endothelium-independent  and  nitric  oxide-mediated
hyporeactivity of the carotid artery, which is elicited by the in
vivo removal of the endothelial cells and injury to the smooth
muscle by the repeated passage of a balloon catheter (Joly et
al., 1992). The injury-induced production of nitric oxide may
compensate for the lack of endothelium-derived nitric oxide
and contribute to the regulation of vascular functions at the
sites of injury. Nitric oxide inhibits vascular tone and growth
(Furchgott & Vanhoutte, 1989; Ignarro, 1989; Scott-Burden
et al., 1992), and also prevents the activation of platelets
(Busse et al., 1987, Radomski et al., 1991).

! Author for correspondence at: M.D. Anderson Cancer Center,
Department of Genitourinary Oncology Box 13, 1515 Holcombe
Boulvard, Houston, Texas 77030 U.S.A.

Diet enriched in fish oil containing high levels of w-3
unsaturated fatty acids such as eicosapentaenoic and
docosahexaenoic acid, have beneficial effects in experimental
models of vascular injury (see Vanhoutte & Dhouste-Blazy,
1991; Harker et al., 1993). The fish oil-diets reduce the
abnormal proliferation of vascular smooth cells in vein-grafts
(Landymore. et al., 1985; Cahill er al., 1988; Smith et al.,
1989), and balloon-injured blood vessels (Weiner et al., 1986)
in animals fed with a high cholesterol diet. The deposition of
platelets and constriction of the carotid artery caused by
balloon injury are reduced by the chronic supplementation of
pigs’ diet with fish oil (Lam et al., 1992). In addition, fish oil
feeding decreases the contractility of isolated aortae of the
rat (Lockette et al., 1982) and enhances the endothelium-
dependent relaxations in porcine coronary arteries
(Shimokawa et al., 1987, Shimokawa & Vanhoutte, 1989).

The present study investigates whether or not chronic
feeding with fish oil potentiates the production of nitric oxide
induced by balloon injury. An enhanced endogenous produc-
tion of nitric oxide is likely to prevent vasospasm and control
the activation of platelets at sites of injury. This hypothesis is
supported by the observation that the exposure of cultured
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vascular smooth muscle cells to eicosapentaenoic acid poten-
tiates the production of nitric oxide evoked by interleukin-18
(Schini et al., 1993).

Methods

Male Wistar rats (275-300 g) were fed a semi-synthetic diet
containing 20% (by weight) of either ‘Max EPA’ fish oils
(fish oil group) or hydrogenated coconut oil containing 3%
safflower oil (control group). The dry component of the feed
consisted of (by weight): casein (17.76%), AIN 76 Min Mix
(1.76%), AIN Vit Mix (0.66%), cellulose BW oil (20%)
(prepared by Food-Tek, Inc.). The rats were placed on this
diet for four weeks. Twenty four hours before vascular reac-
tivity experiments, the rats were anaesthetized by an int-
raperitoneal injection of ketamine (100 mg kg~') and chlorp-
romazine (3mgkg~!), and the endothelium was injured
unilaterally, in vivo, by inserting a Fogarty embolectomy
catheter (2F) into the external left carotid artery. The cont-
ralateral right carotid artery without endothelium was used
as control (Joly et al., 1992). In addition, 24 h after balloon
injury and prior to the vascular reactivity study, the left
femoral artery was cannulated and connected to a pressure
transducer P23XL (Gould) for the measurement of arterial
pressure and the withdrawal of blood (2 ml) for the measure-
ment of serum fatty acids, under anaesthesia (sodium pen-
tobarbitone, 60 mgkg~!, i.p.).

Vascular reactivity

The left and right carotid arteries were excised and stored in
modified Krebs-Ringer bicarbonate solution containing, in
mM: NaCl118.3, KCl4.7, MgSO,1.2, KH,PO,1.2,
CaCl, 2.5, NaHCO,; 25.0, CaEDTA 0.016, and glucose 11.1
(control solution). The arteries were cleaned of connective
tissue and fat, cut into rings and suspended in conventional
organ chambers containing 20 ml of control solution (37°C,
pH 7.4) and aerated with 95% O, and 5% CO,. In the right
carotid arteries the endothelium was removed mechanically
by inserting a small metal wire into the lumen and rolling the
tissue back and forth several times on a paper towel wetted
with control solution. The rings of carotid arteries were
stretched progressively to 1g (optimal length for maximal
contraction as determined in preliminary experiments with
phenylephrine, 1puM). Changes in isometric tension were
recorded by means of an isometric force transducer (model
UC2, Gould, Cleveland, OH, U.S.A.). The absence of the
endothelium was verified by the lack of relaxations to acetyl-
choline (1 puM) in arteries contracted with phenylephrine
(1 uM). The arteries were rinsed three times with warm cont-
rol solution, and after a resting period (30 min) they were
incubated for 30 min either with solvent, N°-nitro-L-arginine
(L-NNA) (100 pM; an inhibitor of nitric oxide synthesis;
Mulsch & Busse, 1990), superoxide dismutase (SOD)
(100 iuml-'; a scavenger of superoxide anions; Rubany &
Vanhoutte, 1986; McCord & Fridovich, 1970), or methylene
blue (10 uM; an inhibitor of soluble guanylate cyclase; Martin
et al., 1985; Bullock er al., 1986). Next, a concentration-
contraction curve to phenylephrine (1 nM—10puM), or a
concentration-relaxation curve to SIN-1 (1 nM-10pM; in
rings contracted with phenylephrine, 10 uM) was obtained.
All experiments were performed in the presence of
indomethacin (10 #M) to prevent the synthesis of vasoactive
prostanoids.

Tissue content of guanosine 3':5'-cyclic monophosphate
(cyclic GMP)

Rings were incubated in warm (37°C) control solution (5 ml)
containing indomethacin (10pM) and  3-isobutyl-1-
methylxanthine (IBMX; 100 uM; a nonselective inhibitor of
phosphodiesterases) for 30 min, to inhibit the production of

prostanoids and the degradation of cyclic nucleotides by
phosphodiesterases, respectively. During this period, the rings
were incubated with L-NNA (100 uM), SOD (100 iu m1~') or
solvent. They were frozen quickly with an aluminium clamp
cooled in liquid nitrogen. Subsequently, the rings were
homogenized in 1 ml of 6% trichloroacetic acid, sonicated
for 5s, and centrifuged for 15 min (13,600 g). Supernatants
were extracted with 4 vol water-satured ethylether before
being lyophilized. Each sample was resuspended in 0.3 ml of
sodium acetate buffer (0.05M, pH 6.2), and the content of
cyclic GMP was determined with a cyclic GMP Kit
(Biochemical Technologies Inc., Stoughton, MA, U.S.A),
with an acetylation step induced to increase sensitivity. After
lyophilization the pellets were incubated with NaOH (0.3 ml
of 0.1 N) at 37°C for 24 h and the protein concentration of
each sample was determined using the BCA Protein Assay
Reagent (Pierce Chemical Co., Rockford, Ill, U.S.A)).

Serum fatty acid analysis

Blood samples were allowed to clot at room temperature for
2 h and were centrifuged at 2500 r.p.m. for 10 min. Aliquots
of 150 ul were taken for fatty acid analysis and stored at
—70°C. Plasma samples were extracted by the method of
Bligh & Dyer (1959) and transesterified with sodium methox-
ide (0.5M). The resulting fatty acid methyl esters were
analyzed by gas chromatography flame ionization detection.
A DB-23 capillary column (15m X 025mm, J & W
Scientific) was heated from 100°C to 230°C at 4°min~!. A
modified 5710A gas chromatography was used for the
analysis and a CR501 chromatopac (Bio-Rad) integrator for
the quantitation of peak areas.

Drugs

Phenylephrine  hydrochloride,  acetylcholine  chloride,
indomethacin, 3-isobutyl-1-methylxanthine, methylene blue,
and superoxide dismutase were purchased from Sigma
Chemical Co., St. Louis, Mo, U.S.A. NC-nitro-L-arginine was
obtained from Boehringer Mannheim, Indianapolis, Inc., and
3-morpholino-sydnonimine (SIN-1) was a gift from
laboratories Hoechst, Paris. Fish oil ‘Max EPA’ was a gift
from Pierre Fabre Santé, Castres France. Indomethacin was
prepared in an equimolar concentration of sodium carbonate
(10 pM). All other drugs were prepared in distilled water.

Statistical analysis

Results are expressed as means * s.e.mean. The number of
rats studied is represented by n. The statistical evaluation of
the data was performed by Student’s ¢ test for paired or
unpaired observations. When data from more than two
groups were compared, an analysis of variance (ANOVA)
was used, and individual means were compared with Scheffe’s
F test. Values were considered to be statistically significant
when P was less than 0.05. E,,, (g) was the maximum
contractile effect and pECs, was the negative logarithm of the
effective molar concentration of phenylephrine causing 50%
of the maximal contraction.

Results

Body weights, arterial blood pressure and serum fatty
acids

The body weight was significantly lower (P <0.05) in rats fed
with 20% fish oil compared to control (473*13g and
512 + 8 g, respectively; n=9).

The mean arterial blood pressure was significantly higher
(P<0.05) in the control group (127 £ 3 mmHg) than in the
fish oil group (115 = 2 mmHg; n = 8). In fish oil-fed rats, the
proportion of the w-3 polyunsaturated fatty acids, eicosapen-
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taenoic acid (EPA 20:5) and docosahexaenoic acid (DHA
22:6) was significantly increased. The levels of stearic acid
(18:0), oleic acid (18:1) and linoleic acid (18:2) were
significantly lower in the serum of fish oil-fed rats compared
to the control group. The plasma content of arachidonic acid
(20:4) was similar in both groups (Table 1).

Effect of balloon injury: vascular reactivity

Phenylephrine (1 nM—-10puM) evoked  concentration-
dependent contractions in control carotid arteries without
endothelium as well as in balloon-injured arteries, from both
control and fish oil-fed rats (Figure 1). The contractions
evoked by phenylephrine were similar in control arteries
without endothelium in both group of rats (Eg,:
2431+0.17g and 2.28 £ 0.11 g, respectively) (Figure 1 and
Table 2). In balloon-injured carotid arteries from both cont-
rol and fish oil-fed rats, the contractions evoked by
phenylephrine were depressed significantly compared to those
obtained in control arteries (P <0.05). The reduction in con-
tractions to phenylephrine induced by balloon injury was
significantly more pronounced in rings from fish oil-fed than
from control rats (Figure 1). The maximal contractions were
similar (Ep.: 1.79 £ 0.12 g and 1.93 £ 0.15 g respectively) but
pEC;, were significantly decreased in arteries from fish oil-fed
rats compared to those obtained in arteries from control
diet-fed rats (Table 2).

The addition of NS-nitro-L-arginine (L-NNA, 100 uM) or
superoxide dismutase (SOD, 100 iuml~') to control carotid
rings without endothelium did not significantly affect the
basal tension or the concentration-contraction curves to
phenylephrine in rings from both control and fish oil-fed rats
(Figure 2a and b, respectively, and Table 2). Methylene blue
(MB, 10 uM) had no effect on basal tension, but significantly
decreased the maximal contractions to phenylephrine without
affecting pECs, in both groups of rats (Ep,: 2.43%0.17g
and 1.9+0.14g; 2.28+0.11 and 2+0.14g, without and
with MB, respectively, P <0.05). L-NNA, SOD or MB had
no effects on the basal tension of balloon-injured carotid
arteries from both control and fish oil-fed rats. In balloon-
injured carotid arteries from control rats, L-NNA shifted the

Table 1 Serum fatty acids

Fatty acids Control rats Fil oil-fed rats
16.0 28.83 £ 0.66 24.29 £ 0.31*
18.0 13.47 £ 0.59 11.39 £ 0.21*
18.1 15.36 £ 0.74 8.06 £ 0.12*
18.2 21.24 £0.58 7.38 £ 0.27*
20.4 16.93 £ 0.70 15.73 £ 0.48
20.5 trace 21.52 £ 0.51*
22.6 1.19 £ 0.07 9.07£0.12*

Results expressed as % serum fatty acid composition. Data
shown as meanstsemean (n=11). *Statistically
significant differences between the two groups (P <<0.05).

concentration-response curves to phenylephrine significantly
to the left and increased the maximal responses (E:
1.931+0.15g and 2.47£0.12 g without and with L-NNA,
respectively, (P <<0.05), Figure 3a and Table 2) while SOD
further significantly depressed contractions to this a,-agonist
(Table 2) without affecting maximal contractions in both
types of rats (Figure 3a).

In balloon-injured carotid arteries of fish oil-fed rats, L-
NNA shifted the concentration-contraction curves to
phenylephrine significantly to the left and augmented the
maximal contractions (E,: 1.79£0.12g and 2.5%+0.17¢g
without and with L-NNA, respectively, (P <0.05) Figure 3b
and Table 2). SOD had no effect on the contractions to
phenylephrine (Figure 3b). MB, (10puM) significantly
enhanced the contractions evoked by phenylephrine (0.1 and
0.3 uM) in balloon-injured carotid arteries from control diet-
fed rats and also those evoked by phenylephrine (0.3 and
1 uM) in balloon-injured carotid arteries from fish oil-fed rats
(Figure 3). However, MB did not affect significantly the
pECs values in both groups of rats (Table 2). The
concentration-dependent relaxations to SIN-1 were not
significantly different in control (without endothelium) and
balloon-injured arteries from either control or fish oil-fed rats
(Figure 4).

Production of cyclic GMP

The basal production of cyclic GMP was low in control
carotid arteries without endothelium from both groups of

31
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Figure 1 Concentration-contraction curves to phenylephrine in con-
trol right carotid (without endothelium) from control () and fish
oil-fed rats (O); and in balloon-injured carotid arteries (24 h after
endothelial injury) from control () and fish oil-fed rats (@). The
experiments were performed in the presence of indomethacin
(10 pM). Results are presented as mean * s.e.mean of six different
experiments and are shown as absolute values. *Statistically
significant differences between control and fish-oil diet, in balloon-
injured arteries and tbetween control without endothelium and
balloon-injured arteries from both groups (P <<0.05).

Table 2 Effects of NC-nitro-L-arginine (L-NNA) 100 puM, superoxide dismutase (SOD) 100 iu ml~! and methylene blue (MB) 10 uM on
the concentration-contraction curves evoked by phenylephrine in control arteries without endothelium and in balloon-injured arteries

from control diet-fed rats and fish oil-fed rats

Control diet

Control Balloon
Untreated 8.08 £ 0.05 7.591£0.1
L-NNA 8.15+£0.05 7.9 £0.09*
SOD 7.96 £ 0.09 7.25 £ 0.09*
MB 7.8310.1 7.74 £0.13

PECs
Fish oil diet
Control Balloon
8.03+0.1 7.28 £ 0.061
8.251+0.12 7.73 £0.07*
8.17 £ 0.08 7.36 0.1
7.89 £ 0.08 7.44 % 0.12

pECs,: negative logarithm of the effective molar concentration of phenylephrine causing 50% of the maximal contaction. *Statistically
significant differences between the treated (L-NNA), (SOD), or (MB) and untreated arteries and tbetween the arteries from control and

fish oil-diet rats (P <0.05).



258 G.A. Joly et al Vascular injury and fish oil
31 3 _ﬂ
_— 2 h . 2J
2 C]
s <
5 2
= 14 '9 .
0 T T v T )
-10 -9 -8 -7 -6 -5 -4 Y 1
b -10 -4
b
* 31
24
5 _ 2
c 2
2 c
2 S
(7]
@ =4
- g S
o
0 ¥ T T T T ,
-10 -9 -8 -7 -6 -5 -4 0 T T T r )
Phenylephrine (log m) -10 -9 -6 -5 -4

Figure 2 Lack of effect of NC-nitro-L-arginine (M), superoxide dis-
mutase (@), and methylene blue (A) on the concentration-
contraction curves to phenylephrine in right carotid arteries (without
endothelium) from control (O) (a) and fish oil-fed (O) (b) rats. The
experiments were performed in the presence of indomethacin
(10 pM). Results are presented as mean * s.e.mean of four to six
different experiments, and are shown as absolute values.

rats (Figure 5). Incubation of these arteries in the presence of
either L-NNA or SOD did not significantly affect the content
of cyclic GMP (Figure 5). In balloon-injured carotid arteries
from control diet-fed rats, the basal content of cyclic GMP
was significantly higher than in the control arteries without
endothelium. Incubation of balloon injured arteries with
L-NNA reduced while SOD increased significantly the basal
production of cyclic GMP (Figure 5). In balloon-injured
carotid arteries from fish oil-fed rats the basal production of
cyclic GMP was significantly higher than that in the control
arteries without endothelium in the presence but not in the
absence of SOD (Figure 5). Incubation of balloon-injured
arteries from fish oil-fed rats with L-NNA did not
significantly affect the basal content of cyclic GMP (Figure
5).

Discussion

This study demonstrated that fish oil feeding increased the
hyporesponsiveness to phenylephrine observed 24 h after
injury of the endothelium in the rat carotid artery.

The analysis of plasma fatty acids demonstrated that the
rats fed the fish oil diet had absorbed the w-3 fatty acid,
since eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) were both elevated, in accordance with previous
studies (Yin et al., 1991). Fish oil rich in EPA have been
claimed to prevent hypertension in the SHR (Yin et al., 1991)
and that induced by dexamethasone (Yin er al., 1992). The

-8 -7
Phenylephrine (log M)

Figure 3 Effects of NC-nitro-L-arginine (L-NNA, B), superoxide
dismutase (@), and methylene blue (MB, A) on concentration-
contraction curves to phenylephrine in balloon-injured carotid
arteries (24 h prior to sampling) from control (O) (a) and fish oil-fed
(O) (b) rats. The experiments were performed in the presence of
indomethacin (10 pM). Results are presented as means * s.e.mean of
six different experiments, and shown as absolute values. *Statistically
significant differences between control and treated (L-NNA or MB)
balloon-injured carotid arteries (P <<0.05).
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Figure 4 Concentration-relaxation curves to 3-morpholino-
sydnonimine (SIN-1) in control arteries (without endothelium) from
control (0O) and fish oil-fed rats (O); and in balloon-injured carotid
arteries from control (M) and fish oil rats (@). The experiments were
performed in the presence of indomethacin (10 puM). Results are
presented as means * s.e.mean of six different experiments, and are
expressed as the percentage of the contraction evoked by phenyleph-
rine (10 uM).
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Figure 5 Effects of NC-nitro-L-arginine (L-NNA, solid columns) and
superoxide dismutase (hatched columns) on the basal production of
cyclic GMP (open columns) in right carotid arteries (without
endothelium) and in balloon-injured carotid arteries from control (a)
and fish oil-fed rats (b). The experiments were performed in the
presence of indomethacin (10 uM) and 3-isobutyl-1-methylxanthine
(100 pM). Results are presented as means + s.e.mean of four to five
different experiments and are shown as absolute values. *Statistically
significant differences between balloon-injured and control carotid
arteries of two groups and fbetween control and treated (L-NNA)
balloon-injured carotid arteries (P <<0.05).

hypotensive effect of fish oil was associated with an increase
in endothelium-dependent relaxations to acetylcholine in the
aorta and a decreased endothelium-independent contraction
to noradrenaline in mesenteric resistance arteries (Yin et al.,
1992). An increase of constitutive nitric oxide synthase
(NOS) induced NO synthesis in endothelial cells probably
explains these alterations in vascular reactivity in relation to
the blood pressure lowering effects of fish oil and may under-
lie the slight but significant decrease in blood pressure
observed in the present study in rats treated with fish oil.

Vascular smooth muscle cells from the rat carotid artery
can generate nitric oxide from L-arginine and this is activated
following vascular injury in vivo (Joly et al., 1992). The
present findings confirm that in vivo the injury caused by the
repeated passage of a balloon catheter in the carotid artery
from normal diet-fed rats causes the induction of NOS
activity in the injured blood vessel wall (Joly et al., 1992).
This response to injury explains both the hyporeactivity to
contractile agonists and the increased formation of cyclic
GMP in the injured arteries. Chronic feeding of rats with a
diet enriched in EPA enhances the hyporesponsiveness to
phenylephrine caused by balloon injury without affecting the
maximal responses to the a;,-adrenoceptor agonist. This loss
of contractility, observed 24 h after in vivo endothelial injury,
was inhibited by an inhibitor of NOS, L-NNA, and also
partly by an inhibitor of soluble guanylate cyclase, MB.
Furthermore, exposure of cultured vascular smooth muscle
cells to EPA potentiates the production of nitric oxide
evoked by cytokines (Schini er al., 1993). Altogether, these
observations suggest that chronic feeding of rats with fish oil
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Group B Streptococcus and E. coli LPS-induced
NO-dependent hyporesponsiveness to noradrenaline in
isolated intrapulmonary arteries of neonatal piglets
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1 The effects of endotoxin (E. coli lipopolysaccharide, LPS) and heat inactivated group B Streptococcus
(GBS) were studied on the contractile responses to noradrenaline (NA) in isolated pulmonary arteries
and on the activity of the constitutive and inducible nitric oxide synthase (NOS) in lung fragments of
neonatal piglets.

2 Short-term (< 5 h) incubation with LPS (1 ugml~') or GBS (3 X 107 colonies forming units ml~?)
did not modify the vascular responsiveness to NA (10~® M—10~* M) in isolated intrapulmonary arteries.
However, long-term incubation (20 h) with LPS or GBS produced a significant reduction in the maximal
contractile responses and shifted the concentration-response curve for NA downwards.

3 Endothelium removal or the cyclo-oxygenase inhibitor meclofenamate (10~°M) did not affect the
GBS- and LPS-induced hyporesponsiveness to NA.

4 The presence of the nitric oxide (NO) precursor, L-arginine (10~ M), 30 min prior to the contractility
challenge increased the LPS- and GBS-induced pulmonary vascular hyporesponsiveness to NA. In
contrast, the addition, prior to the challenge with NA, of the NOS inhibitor N®-nitro-L-arginine methyl
ester (L-NAME, 10~ M) or coincubation with dexamethasone (3 X 10~°M), a potent inhibitor of the
induction of NOS, or with the protein synthesis inhibitor cycloheximide (10~° M) completely restored the
reactivity to NA in LPS- and GBS-treated pulmonary arteries.

5 The incubation for 20 h of lung fragments with LPS and GBS produced a significant increase in the
Ca’*-independent (inducible) NOS activity determined by the conversion of radiolabelled L-arginine to
citrulline, but did not modify the constitutive NOS activity. This NOS induction was abolished by
coincubation with dexamethasone (3 x 1076 M).

6 These results demonstrated that prolonged incubation with GBS and LPS causes an induction of
NOS activity which results in a reduced vascular responsiveness to NA in pulmonary arteries of
neonatal piglets. Thus, induction of NOS seems to be responsible for the delayed pulmonary vascular
hyporesponsiveness induced by GBS (a Gram-positive) and E. coli (a Gram-negative), the most common

causal agents of neonatal sepsis.

Keywords: Group B Streptococcus; lipopolysaccharide; nitric oxide synthase; pulmonary artery of piglet

Introduction

E. coli, a Gram-negative bacterium, and group B Streptococ-
cus (GBS), a Gram-positive bacterium, are the most common
causal agents of neonatal sepsis (Anthony, 1985; Guerina,
1991). In general, sepsis is characterized by systemic arterial
hypotension, inadequate tissue perfusion and decreased res-
ponses of vascular smooth muscle to exogenous vasoconstric-
tors (Groeneveld et al., 1988). The pulmonary system also
demonstrates important abnormalities that include changes in
pulmonary haemodynamics and lung mechanics, increased
vascular permeability and hypoxemia, and more subtle
changes in responses of both airway and the pulmonary
circulation to constrictor stimuli (Brigham & Meyrick, 1986).
Lipopolysaccharide (LPS), the major component of the outer
membrane of Gram-negative bacteria, is the endotoxin
presumed to cause injury to the lungs as well as to other
organs (Thiemermann, 1994). Gram-positive bacteria do not
contain LPS and a toxin common to all Gram-positive
organisms has not been identified. However, intravenous
infusions of GBS and other Gram-positive bacteria cause
pulmonary haemodynamic and gas exchange abnormalities
similar to those observed in LPS-injected animals (Rojas et

! Author for correspondence.

al., 1983; Schreiber et al., 1992) suggesting a common path-
way leading to these abnormalities (Auguet et al., 1992).
There is evidence that enhanced release of NO plays an
important role in the loss of systemic (McKenna, 1990;
Julou-Schaffer et al., 1990; Moncada et al., 1991; for a review
see Thiemermann, 1994) and pulmonary (Szabé et al., 1993;
Zelenkov et al., 1993) vascular responsiveness that occurs in
sepsis. There are at least two distinct isoforms of NO syn-
thase (NOS) which catalyzes the formation of NO from
L-arginine (Moncada et al., 1991; Stuehr & Griffith, 1992). A
constitutive, Ca?*-dependent isoform (cNOS), is present in
vascular endothelial cells. In addition, LPS and cytokines
induce a Ca?*-independent, isoform (iNOS) in the lung
(Knowles et al., 1990), macrophages (Marletta et al., 1988),
endothelial cells (Radomski et al., 1990) and vascular smooth
muscle (Busse & Miilsch, 1990). Induction of iNOS has been
found in rat pulmonary arteries incubated with LPS (Zelen-
kov et al., 1993) and in rat lung after exposure to endotoxin
(Salter et al., 1991; Szabd et al., 1993; Thiemermann, 1994).
Unfortunately, the effects of GBS on vascular reactivity and
on cNOS and iNOS are still unknown. Therefore, the aim of
this work was: (1) to study and compare the effects of GBS
with those of LPS on the contractile responses to nor-
adrenaline (NA) in intact and endothelium-denuded pul-
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monary arteries of neonatal piglets, and (2) to determine
whether GBS- and LPS-mediated pulmonary vascular
hyporesponsiveness could be related to the activation of
c¢NOS and/or iNOS.

Methods

Tissue preparation and incubation

Male neonatal piglets (10-17 days of age, 4277 + 343 g)
obtained from the local abattoir were used in this study.
Piglets were killed by exsanguination and the lungs were
rapidly immersed in cold (4°C) Krebs solution containing
ampicillin (10 pugml~') and gentamicin (10 pgml~') and
transported immediately to the laboratory. The third branch
of the pulmonary arteries (internal diameter 1-2 mm) was
carefully dissected free of parenchyma and connective tissue
and cut into rings of 2-3 mm of length. Pulmonary rings
were then incubated in Krebs solution (composition in mMm:
NaCl 118, KCl 4.75, NaHCO; 25, MgSO, 1.2, CaCl, 2.0,
KH,PO, 1.2 and glucose 11) containing ampicillin (10 pg
ml-!) and gentamicin (10 pg ml~'). The solution was gassed
with 95% O, and 5% CO, and maintained at 37°C.

The pulmonary artery rings were initially incubated in
Krebs soltuion in the presence of vehicle, LPS (1 pg ml~') or
heat inactivated GBS (3 X 10’ colony forming units, c.f.u.
ml~!) for 1, 5 or 20h. To confirm that LPS and GBS
induced iNOS, in some experiments pulmonary rings were
coincubated for 20 h in Krebs solution containing dex-
amethasone (3 X 10-®M), an inhibitor of NOS induction,
(Radomski et al., 1990) or cycloheximide (10~°M, an
inhibitor of protein synthesis). After incubation, two L-
shaped stainless-steel wires were inserted into the arterial
lumen and the rings were introduced in Allhin organ
chambers filled with Krebs solution. One wire was attached
to the chamber and the other to an isometric force-
displacement transducer (Grass FT07) and connected to a
polygraph (Grass, model 7) as previously described (Pérez-
Vizcaino et al., 1993). The rings were stretched to a resting
tension of 0.5g and allowed to equilibrate for 60—90 min.
During this period tissues were restretched and washed every
30 min with warm Krebs solution. In some experiments the
endothelium was removed by gently rubbing the intimal sur-
face of the rings with a metal rod. The presence of functional
endothelium was verified by addition of acetylcholine (ACh,
10-M) in arteries precontracted with NA. The ability of
ACh to induce relaxation of unrubbed rings was taken as an
indicator of the presence of functional endothelium.

Experimental protocol

In pulmonary rings previously incubated with vehicle, LPS or
GBS for 1, 5 or 20 h, concentration-response curves to NA
(10~ M to 10~* M) were constructed by increasing the organ
chamber concentration by cumulative increments after a
steady state response had been reached with each increment.
In three groups of intact pulmonary arteries, following the
incubation period of 20 h, cumulative concentration-response
curves to NA were performed in the presence of N°-nitro-L-
arginine-methyl ester (L-NAME, 10~* M, an inhibitor of both
cNOS and iNOS, Sakuma et al., 1988), L-arginine (107° M,
the precursor of NO, Palmer er al., 1988) or meclofenamate
(10-3 M, an inhibitor of cyclo-oxygenase) which were added
30 min before the concentration-response curve to NA was
obtained.

Assay of NOS

Lung fragments (weight 100-150 mg) were incubated in the
same conditions as described for the arterial rings. After
incubation, tissues were immediately stored at —80°C until
studied. The frozen tissues were homogenized at 0—4°C in 5

vols of a buffer containing 320 mM sucrose, 50 mM Tris,
I mM EDTA, | mM DL-dithiothreitol, 100 pg ml~! phenyl-
methylsulfonyl fluoride, 10 pgml~' leupeptin, 100 pg ml-!
soybean trypsin inhibitor and 2 pg ml~! aprotinin brought to
pH 7.0 at 20°C with HCl. The homogenates were then cen-
trifuged at 4°C at 12000g for 20 min. The pellets were
discarded and the supernatants were placed on ice until
incubation the same day. NOS activity was determined by
measuring in duplicate the conversion of L-[U-'*C]-arginine
to L-{[U-"*C}citrulline by 10 min incubation at 37°C as des-
cribed in detail by Salter et al. (1991). The incubation buffer
contained 50 mM L-valine to minimize any interference from
arginase. Ca’*-dependent NOS (cNOS) activity was cal-
culated from the difference between the L-[U-'*Cl-citrulline
produced from control samples containing incubation buffer
and samples containing buffer plus 1 mM EGTA. The activity
of the Ca?*-independent NOS (iNOS) was determined from
the difference between samples containing 1 mM EGTA in
the incubation buffer and samples containing 1 mM EGTA
plus 2mM NCmonomethyl-L-arginine (a competitive in-
hibitor of NOS, Palmer ez al., 1988).

Drugs and heat-killed GBS preparation

The following drugs were used: (—)-noradrenaline bitartrate,
acetylcholine chloride, lipopolysaccharide from E. coli
(serotype 055:BS), dexamethasone, cycloheximide, L-NAME,
L-arginine (Sigma Chemical Co., London) and meclo-
fenamate (Warner Lambert Co., U.S.A.). Meclofenamate was
dissolved in absolute ethanol. The concentrations are ex-
pressed as final molar concentration in the tissue chamber.
L-[U-"“C]-arginine was obtained from Amersham Interna-
tional (U.K.).

GBS type III was isolated from the blood of a neonate
who developed early-onset sepsis. Bacteria were grown in
Todd-Hewitt broth for 18—36 h at 37°C to late log phase and
harvested by centrifugation at 5000 r.p.m. for 15min.
Bacteria were resuspended in sterile isotonic saline to a con-
centration determined by serial viable counts to be
1 x 10°c.f.u. ml~'. Heat-killed bacteria were obtained by
heating bacteria to 60°C for 60 min. GBS killing was
confirmed by no growth on blood agar. Endotoxin levels in
the heat-killed GBS preparation were undetectable as assayed
by a standard Limulus assay kit (Sigma). Aliquots of heat-
killed GBS were stored at —80°C until the study day.

Statistical analysis

Results are expressed as means X s.e.mean of measurements
in n arteries. Individual cumulative concentration-response
curves to NA were fitted to a logistic equation. In most of
the experiments the point corresponding to 10-*M NA was
below the maximal tension and was therefore excluded from
the fitting. The drug concentration exhibiting 50% of the
maximal contraction to NA was calculated for each ring and
expressed as negative log molar (pD,). The E,, was defined
as the maximal tension induced by NA in each ring. Statis-
tically significant differences were calculated by means of an
ANOVA analysis followed by a Newman Keuls means com-
parison testing. P<<0.05 was considered statistically sig-
nificant.

Results

Effects of LPS and GBS in the presence or absence of
endothelium

Short-term incubation of intact pulmonary arteries with LPS
(1 pgml~') or GBS (3x 10"cfu.ml"") for 1 or 5h pro-
duced no significant effects on the concentration-response
curve to NA (Table 1). However, as shown in Figure la,
when the endothelium-intact arteries were incubated for a
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longer period (20 h) with LPS (1 pgml~!) or GBS (3 x 10’
cfu.ml™') and then transferred to the organ bath in the
absence of bacterial products, the maximal contractile res-
ponse to NA was reduced and thus, a downward shift of the
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Figure 1 Concentration-response curve to noradrenaline (NA,
10-8-10-*M) in intrapulmonary arterial rings (a) with or (b) with-
out endothelium, preincubated for 20 h in Krebs solution in the
presence of vehicle (control, O), E. coli lipopolysaccharide (LPS,
1pgml~!, M) or heat inactivated group B Streptococcus (GBS,
3 % 107 c.fu. ml~!, A). The concentration-response curve to NA was
carried out in the absence of bacterial products. Data are expressed
as means * s.e.mean of 7-22 observations. *P <0.05 and **P <0.01
represent significant differences with respect to control group.

concentration-response curve to NA was observed. This was
accompanied by a small, but significant, decrease of the pD,
values (Table 1). These results indicate that pulmonary vas-
cular hyporesponsiveness to NA is a delayed process and
suggested the induction of a biological activity. Endothelium-
denuded arteries showed significantly greater maximal res-
ponses to NA as compared to endothelium-intact arteries
(P<0.01) incubated with vehicle, LPS or GBS (Table 1).
Nevertheless, mechanical removal of endothelial cells did not
affect the hyporeactivity to NA observed after long-term
incubation (20 h) with LPS or GBS (Figure 1b).

Effects of L-arginine, L-NAME and meclofenamate

In order to assess the role of NO production in the hypores-
ponsiveness to NA, a concentration-response curve to NA
was performed in control, LPS- and GBS-treated arteries
acutely treated with either the NO-precursor, L-arginine
(10-°M), or the NOS inhibitor, L-NAME (10~*M). As
shown in Figure 2a and Table 1, in control arteries treated
with L-arginine the concentration-response curve to NA was
not modified compared to that obtained in arteries in the
absence of L-arginine. In contrast, in arteries incubated with
LPS or GBS for 20 h, the presence of L-arginine potentiated
(P<0.01) the hyporesponsiveness to NA. Addition of
10~*M L-NAME to resting arteries produced a small con-
tractile effect averaging 457+ 6.6 mg, 44.3+9.6mg and
43.1 £ 5.9 mg, in untreated and in arteries treated with LPS
and GBS, respectively. Thereafter, L-NAME induced an
upward shift of the concentration-response curve to NA in
the LPS- and GBS-treated arteries resulting in no differences
between control, LPS- or GBS-treated arteries (Figure 2b).
Therefore, L-NAME reversed the hyporesponsiveness to NA
induced by LPS and GBS.

The possible role of vasodilator prostaglandins in the
hyporeactivity to NA was assessed by acute treatment of the
arteries with the cyclo-oxygenase inhibitor, meclofenamate.
The presence of 107°M meclofenamate did not affect the
hyporesponsiveness to NA in LPS- and GBS-treated arteries
(Table 1).

Effect of dexamethasone and cycloheximide

In order to assess the induction of NOS by LPS and GBS,
intact pulmonary arteries were simultaneously incubated with
LPS and GBS and 3 x 10-°M dexamethasone or 10~¢M
cycloheximide for 20 h. As shown in Figure 3, both dex-
amethasone and cycloheximide completely restored the reac-
tivity to NA in LPS- and GBS-treated arteries. Moreover,
dexamethasone (but not cycloheximide)-treated arteries
showed greater pD, values in control arteries (Table 1).

Table 1 Effects of E. coli lipopolysaccharide (LPS, 10 pgml-') and group B Streptococcus (GBS, 3 x 107 c.fu. ml~!) on the
parameters (E,, and pD,) of the concentration-response curve to noradrenaline (NA) in the absence and presence of various inhibitors

Control LPS GBS

Drug t(h) Emax (mg) PDz n Emax (mg) pD2 n Emax (mg) PD2 n

None +E 1 1198 £ 141 6.39£0.15 11 1212+ 153%* 6.47 £ 0.43 9 1157+ 245%% 6.31 £ 0.21 8
None +E 5 11921212 6.37 £ 0.08 9 1111+ 127*# 6.66 +0.15* 8 876t 160 6.51+0.19 9
None +E 20 923%80 6.521£0.07 17 492 47+ 6.2510.10* 13 613 £ 52** 6.17£0.08** 22
None —E 20 1676+ 208** 6.46+0.08 7 946 X 140***#* 6.17 £ 0.08* 7 877X 68*** 598+0.10** 8
Meclofenamate +E 20 1026 %98 6.4910.08 11 585k 55%* 6.44 £ 0.06 11 450 £ 77** 6.10 £ 0.04 11
L-Arginine +E 20 1032%124 6.39 £ 0.09 8 299  50*** 6.07 £ 0.08 11 341 £ 77+*%%  622+0.13 9
L-NAME +E 20 10471120 6.72+£0.11 10 1023 £ 99*# 6.49 £ 0.09 14 1164 £ 55%# 6.66 * 0.08** 12
Dexamethasone +E 20 876+ 63 6.89£0.06% 14 923+ 62%* 6.72+£0.08* 11 831+ 64* 6.82£0.06%* 11
Cycloheximide +E 20 879%95 6.64 £ 0.07 7 1107 £ 103*# 6.71 £ 0.09% 7 91182 6.66 £ 0.11 8

t = incubation period. +E = endothelium intact, —E = endothelium denuded. Meclofenamate (10~°M), L-arginine (10~°M) or
NC-nitro-L-arginine methyl ester (L-NAME, 10-%M) were added to the organ bath solution 30 min before the addition of NA.
Dexamethasone (3 x 1076 M) or cycloheximide (10~°M) were included during the 20 h incubation period.

*P<0.05 and **P<0.01 GBS- or LPS-treated vs control arteries. *P<<0.05 and #*#P<<0.01 vs arteries +E, 20 h, no drug. The drug
concentration exhibiting 50% of the maximal contraction to NA was calculated for each ring and expressed as negative log molar
(pD,). The E,,, was defined as the maximal tension induced by NA in each ring.
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Figure 2 Effects of (a) L-arginine (10-°M) or (b) NC-nitro-L-
arginine methyl ester (L-NAME, 10-*M) on E. coli lipopolysac-
charide (LPS)- and group B Streptococcus (GBS)-induced hyporeac-
tivity to noradrenaline (NA) in intrapulmonary artery rings.
Concentration-response curves to noradrenaline (NA, 10-5-10~* M)
were performed in intrapulmonary arterial rings previously incubated
for 20 h in Krebs solution in the presence of vehicle (control, O),
LPS (1 ug mi~', W) or heat-inactivated GBS (3 x 10" c.fu. ml-!, A).
L-Arginine (10~°M) or L-NAME (10-* M) was added 30 min before
addition of NA. The curve was obtained in the absence of bacterial
products. Data are expressed as means t s.e.mean of 8-14 observa-
tions. *P<<0.05 and **P <0.01 represent significant differences with
respect to control group.

Effects of LPS and GBS on NOS activity

NOS activity was measured by the conversion of radio-
labelled L-arginine to citrulline (Salter et al., 1991). Using this
method, NOS activity was almost undetectable in pulmonary
arteries. Therefore, the ¢cNOS (Ca’*-dependent) and iNOS
(Ca’*-independent) activities were determined in lung frag-
ments. Control values for cNOS and iNOS activities were
61.5 £ 10.7 and 36.0 + 6.4 pmol min~'! mg~! of tissue, respec-
tively. As shown in Figure 4, no change in cNOS activity was
detected after incubation with 1pgmil~' LPS or 3 X 107
cfu.ml-! GBS for 20h. In contrast, LPS and GBS
significantly increased the iNOS activity (P<<0.01). Dex-
amethasone (3 X 10-°M) produced no change in c¢NOS
activity but completely abolished the LPS- and GBS-induced
increase in iNOS activity (Figure 4).

Discussion

The present results demonstrated that only after prolonged
(> 5h) incubation, did LPS and GBS reduce vascular res-

Figure 3 Effects of (a) dexamethasone (3 x 10~ M) or. (b) cyclohex-
imide (10-°M) when coincubated with E. coli lipopolysaccharide
(LPS) and group B Streptococcus (GBS). Concentration-response
curves to noradrenaline (NA, 10-2-10~* M) were performed in intra-
pulmonary arterial rings previously incubated for 20h in Krebs
solution in the presence of vehicle (O), LPS (1 pgml-', W) or
heat-inactivated GBS (3 x 107 c.f.u. ml~!, A). The curve was obtain-
ed in the absence of bacterial products. Data are expressed as
means + s.e.mean of 7-14 observations. *P<<0.05 and **P <0.01
represent significant differences when compared to control group.

ponsiveness to NA in isolated pulmonary artery rings of
neonatal pigs. After incubation, the experiments were per-
formed in the absence of LPS or GBS which indicated that
the hyporesponsiveness was a delayed process that was not
due to a direct action of bacterial toxins but more likely to
the induction of biological activity. The decreased response
did not require the presence of an intact endothelium and
was not mediated by products of cyclo-oxygenase activity
since it was unaffected by endothelium removal or the cyclo-
oxygenase inhibitor, meclofenamate, respectively. Our results
strongly suggested that induction of iNOS is implicated in
the GBS- and LPS-induced pulmonary vascular hyporespon-
siveness to NA. To our knowledge this is the first paper
showing that GBS produces hyporesponsiveness to NA and
induction of iNOS activity.

There is a growing consensus that NO plays a major role
in the control of pulmonary vascular smooth muscle tone
(Moncada et al., 1991; Dinh-Xuan, 1992; Stamler et al.,
1994). Thus, an impaired release of NO has been associated
with an increased pulmonary vascular reactivity to constric-
tor stimuli and may contribute to the pathogenesis of pul-
monary hypertension (Moncada et al., 1991; Dinh-Xuan,
1992). In the present experiments, L-arginine potentiated the
reduced. vascular reactivity to NA in pulmonary arteries of
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Figure 4 Ca’*-dependent (constitutive, open columns) and Ca?*-
independent (inducible, solid columns) nitric oxide synthase (NOS)
activities in lung fragments incubated for 20 h in 37°C oxygenated
Krebs solution in the presence of vehicle (control), E. coli
lipopolysaccharide (LPS, 1 pg ml-') or group B Streptococcus (GBS,
3% 107 c.f.u. ml~') and in the absence or presence of dexamethasone
(3 X 10-%M). Data are expressed as percentage of the control Ca?*-
dependent and Ca’*-independent activities, respectively (means *
s.e.mean of 5-7 observations). Control values for cNOS and iNOS
activities were 61.5 = 10.7 and 36.0 £ 6.4 pmol min~' mg~"' of tissue,
respectively. **P <0.01 represent significant differences when com-
pared to control group.

newborn piglets incubated with LPS and GBS, while L-
NAME completely reversed it. Moreover, dexamethasone,
which inhibits the induction of NOS (Radomski et al., 1990)
and cycloheximide, an inhibitor of protein synthesis when
coincubated with LPS or GBS for 20 h, completely reversed
the reduced response to NA. All these results suggest that
GBS- and LPS-induced pulmonary vascular hyporespon-
siveness to NA is associated with enhanced formation of NO
via the iNOS and requires the synthesis de novo of the
enzyme in the pulmonary vasculature. However, in pul-
monary arteries the NOS activity was below the limit of
detection. This can be related to the fact that cNOS and
iNOS activities in vascular smooth muscle are 5-50 times
lower than in lung (Salter et al., 1991; Mitchell ez al., 1993).
Thus, we assessed the effects of LPS and GBS on both cNOS
and iNOS in lung fragments. LPS and GBS had no effect on
c¢NOS but induced a marked increase in iNOS activity which
was abolished when lung fragments were incubated with
dexamethasone. GBS- and LPS-induction of iNOS in the
lung supported the functional evidence of induction of iNOS
in pulmonary arteries. As previously reported in rat and
rabbit lung (Salter ez al., 1991; Mitchell et al., 1993; Szabo et
al., 1993), we found that iNOS activity was expressed basally
in porcine lung tissue. Since basal iNOS activity was lowered
by dexamethasone, it might indicate a certain endotoxin
contamination of the incubation media.

GBS is able to produce sepsis only in the neonate and
exceptionally in parturients and immunodepressive patients
(Anthony, 1985). The mechanism of GBS-induced pulmonary
injury in neonates is still a matter of controversy. Gram-
positive bacteria do not contain LPS and a common toxin to
all Gram-positive organisms has not been identified. It has
been shown recently that lipoteichoic acid (LTA), a compo-
nent of the peptidoglycan layer of the cell wall in most
Gram-positive bacteria, decreased the responses to pressor
agents and induced iNOS in cultured vascular smooth muscle
cells, rat aorta (Auguet et al., 1992) and in anaesthetized rats
(De Kimpe et al., 1994). Killed whole S. aureus also induced

NOS in macrophages (Cunha et al., 1993). Clinical isolates of
GSB, including type III, recovered from infants with sepsis,
possessed significantly higher levels of LTA in their cell wall
than those ‘isolated from asymptomatic carriers (Nealon &
Mattingly, 1983). The molecular analysis of GBS LTA dem-
onstrated a close similarity with the Group A Streptococcus
LTA (Maurer & Mattingly, 1991). Thus, the LTA compo-
nent of GBS might be responsible for the effects on vascular
reactivity and iNOS induction described in the present paper.
In addition, two different GBS polysaccharide toxins produc-
ing pathophysiological changes mimicking those of GBS
infection in neonates have been identified, a non specific
mannan polysaccharide (Hellerqvist et al., 1987) and the type
IIT specific capsular polysaccharide (Hemming et al., 1984).
However, the type III specific capsular polysaccharide does
not seem to be required for the acute phase but it may play a
role in the late phase (>2h) of GBS-induced pulmonary
haemodynamic alterations in piglets (Gibson et al., 1989). In
the present experiments we used heat-inactivated GSB, i.e. an
unfragmented capsule, isolated from the blood of a neonate
who developed early-onset sepsis. Heat-inactivated GBS has
been previously shown to cause similar haemodynamic effects
as the live GBS (Schrieber er al., 1992). Further studies
would be necessary to elucidate the specific component of
GBS responsible for NOS induction.

The lung is a major target organ in neonatal sepsis (Ablow
et al., 1976). In general, the lung plays a determinant role in
the sepsis in some animal species that exhibit a pulmonary
bacterial clearance (e.g. sheep, pig) but not in species (e.g.
dog, rat, rabbit) in which bacteria localize predominantly in
the liver and spleen (Winkler, 1988). The uptake of bacteria
by pulmonary intravascular macrophages and the subsequent
release of inflammatory mediators are central to the
pathological changes produced in sepsis-induced adult res-
piratory distress syndrome in sheep (Warner e al., 1987) and
in GBS-induced pulmonary hypertension in newborn piglets
(Bowdy et al., 1990). In these models, as in man, sepsis
produces a complex pulmonary response in which two
different phases have been delimited (Brigham & Meyrick,
1986). Initially there is a marked increase in pulmonary
artery pressure and hypoxemia, whereas the second phase is
characterized by a returning of pulmonary pressure towards
baseline and an increased lung vascular permeability. This
latter phase is accompanied by marked increases in
guanosine 3":5'-cyclic monophosphate (cyclic GMP, Snapper
et al., 1983). NO-mediated vasorelaxation has been correlated
with the activation of soluble guanylate cyclase which in turn
increases the intracellular concentrations of cyclic GMP
(Ignarro et al., 1987, Moncada et al., 1991). Thus, the in-
creased production of NO following the induction of iNOS
in pulmonary arteries described here could be responsible for
the previously reported increased cyclic GMP production
which is a main feature of the latter phase of the pulmonary
response to sepsis.

In conclusion, the present results demonstrated that pro-
longed incubation with GBS, as previously reported with
LPS, causes an induction of iNOS which results in a loss of
vascular responsiveness to NA in intrapulmonary arteries of
neonatal piglets. Thus, the induction of iNOS seems to be a
key mediator in the delayed pulmonary vascular hyporespon-
siveness characteristic of the pulmonary injury induced by
either Gram-positive or Gram-negative sepsis.
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Mechanism of block of a human cardiac potassium channel
by terfenadine racemate and enantiomers
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1 The cardiac toxicity of racemic terfenadine (marked QT prolongation and polymorphic ventricular
arrhythmias) is probably due to potassium channel blockade. To test whether one of its enantiomers
would be a less efficient potassium channel blocker, we compared the mechanism of action of the
racemate with that of the individual enantiomers.

2 We synthesized the individual enantiomers of terfenadine and examined under whole cell voltage-
clamp conditions the mechanism of action of the racemate, both enantiomers and a major metabolite on
a cloned human cardiac potassium channel, hKvl.5. This delayed rectifier is sensitive to quinidine,
clofilium and other ‘class III’ antiarrhythmic drugs at clinically relevant concentrations.

3 Upon depolarization, racemic terfenadine and its enantiomers induced a fast decline of hKvl.5
current towards a reduced steady state current level. During subsequent repolarization the tail currents
deactivated more slowly than the control, resulting in a ‘crossover’ phenomenon.

4 The voltage-dependence of block was biphasic with a steep increase in block over the voltage range
of channel opening (—30 to 0 mV), and a more shallow phase positive to 0 mV (where the channel is
fully open). The latter was consistent with a binding reaction sensing 21% of the transmembrane
electrical field (with reference to the cell interior).

5 The ECy for hKvl.5 block by racemic terfenadine was 0.88 uM, while the values for R- and
S-terfenadine were 1.19 pM and 1.16 pM, respectively. In contrast, the acid metabolite reduced hKvl.5
current by only 5% at a concentration of 50 uM.

6 These findings suggest that terfenadine blocks the hKv1.5 channel after it opens by entering into the
internal mouth of the channel. We have previously shown that quinidine blocks hKvl.5 in a similar
manner but with an apparent affinity of ~6 uM. Thus, terfenadine and its enantiomers are approx-
imately equipotent open state blockers of this human K* channel and about 6 times more potent than
quinidine. The similar state-, time-, and voltage-dependence of hKvl1.5 block by both enantiomers also
indicates that the chiral centre does not significantly constrain the orientation of critical binding

determinants of terfenadine with respect to the receptor site.
Keywords: Potassium channels; arrhythmia; torsades de pointes; stereoisomers; histamine H, antagonist; pro-arrhythmia;

Kvl.5

Introduction

Multiple types of potassium currents have been identified in
the heart. These potassium currents maintain the resting
potential, control action potential duration and modulate
pacemaker activity. Inhibition of the delayed rectifier K*
currents prolongs action potential duration, an effect which
may be antiarrhythmic (Singh & Nademanee, 1985) but also
carries a proarrhythmic potential. Indeed, excessive lengthen-
ing of repolarization is associated with abnormal electrical
activity consisting of early afterdepolarizations triggering a
polymorphic ventricular arrhythmia known as torsades de
pointes (Roden, 1990). This arrhythmia appears to be a
side-effect common to many antiarrhythmic drugs that block
cardiac K* channels, such as quinidine, procainamide and
sotalol.

Some cases of torsades de pointes occur in patients who
receive non-antiarrhythmic drugs. An example is the his-
tamine H,-receptor antagonist, terfenadine which is widely
used to alleviate allergic symptoms (McTavish et al., 1990)
and which was among the top 10 prescribed drugs in the
U.S.A. in 1991 (Simonsen, 1992). Clinical situations in which
terfenadine may accumulate have been associated with tor-
sades de pointes (Davies et al., 1989; Monahan et al., 1990;
Mathews et al., 1991; Honig et al., 1992). This is consistent

' Present address: Department of Drug Metabolism, Central
Research, Pfizer Pharmaceutical Inc., Groton, CT 06430, U.S.A.
2Author for correspondence.

with the concept that the drug (or an accumulating
metabolite or enantiomer) blocks cardiac K* channels
(Woosley et al., 1993).

Drug-channel interactions in the heart have been studied
largely in native cardiac myocytes of ‘representative’ mam-
malian species. However, this approach has some drawbacks
such as the problem of the multiple overlapping ionic cur-
rents in the native myocytes. Usually a combination of ex-
tracellular ion substitution and channel blockers is used to
eliminate all currents except the one of interest (Sanguinetti
& Jurkiewicz, 1990; Balser et al., 1991). These approaches
have the disadvantages that blockers may not be highly
specific and that detailed kinetic analysis of drug-channel
interactions may not be feasible if drug-induced block of
other ionic currents is not strictly time- and voltage-
independent. Therefore, to quantify mechanisms of ionic
channel block, a model system without contamination by
other currents has certain advantages. The expression of
cloned cardiac K* channels in tissue culture cells provides
such a system. Recently, a cloned human cardiac K* chan-
nel, designated HK2 (Tamkun ez al., 1991) or hKvl.5, has
been successfully expressed in a mouse L-cell line (Snyders et
al., 1993). This hKvl.5 current appears very similar to the
fast activating potassium currents observed in rat atrial
myocytes (Boyle & Nerbonne, 1991), canine neonatal epicar-
dial ventricular myocytes (Jeck & Boyden, 1992) and human
atrial myocytes (Wang et al., 1993). The electrophysiological
properties of the hKvl.5 have been characterized in detail
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(Snyders et al., 1993) and this model system has allowed
elucidation of the mechanism of block of this channel by
quinidine (Snyders et al., 1992).

We used this in vitro system to study the mechanism of
terfenadine inhibition of this human cardiac K* channel. In
a recent study it was suggested that terfenadine acts as an
open channel blocker of fHK, a cloned channel related to
hKvl.S (Rampe et al, 1993). However, no voltage-
dependence of block was demonstrated. We specifically inves-
tigated the voltage-dependence of block at depolarized poten-
tials, and the time-dependence of deactivating tail currents at
negative potentials to provide evidence for the open channel
block mechanism. In the same study the benzhydryl-
piperidine part of the molecule displayed low affinity, while
hydroxylation of the phenylbutyl part of the molecule
reduced the affinity moderately. Because the chiral centre is
located in the phenylbutyl end of the molecule it is of interest
to explore possible stereoselective channel block. Terfenadine
is prescribed as a racemate and its H, receptor antagonism
does not display stereoselectivity (Zhang et al., 1991). For
optically active antiarrhythmic drugs, K* channel block may
(Mirro et al., 1981) or may not (Carmeliet, 1985) be
stereoselective. In the case of terfenadine, identification of
stereoselectivity in block might imply that prescription of a
non-K* channel blocking enantiomer would decrease the risk
of torsades de pointes. Therefore, we synthesized the enan-
tiomers of terfenadine and compared their effects to those of
racemic terfenadine and of its major acid metabolite in
voltage-clamped L-cells.

Methods

Cell culture

The method to establish hKvl.5 expression in clonal L-cell
lines has been described previously (Snyders et al., 1992;
1993). Transfected cells were cultured in DMEM supp-
lemented with 10% horse serum and 0.25mgmg~' G418
(geneticin, Gibco BRL, Grand Island, NY, U.S.A.) in a 5%
CO, atmosphere. The cultures were passed every 3-5 days
using a brief trypsinization. Before electrophysiological
experiments, subconfluent cultures were incubated with 2 uM
dexamethasone for 24 h, as expression of the channel is
under control of a dexamethasone-inducible promoter. The

cells were removed from the dish with a cell scraper, and the
cell suspension was stored at room temperature (22-23°C)
and used within 12h for all the experiments described
here.

Electrical recording

Glass micropipettes were pulled from starbore borosilicate
glass (Radnoti, Monrovia, CA, U.S.A.) and heat polished.
They were filled with ‘intracellular’ solution (see below) and
connected to the headstage of an Axopatch-1A patch clamp
amplifier (Axon Instruments Inc., Foster City, CA, U.S.A)).
All currents were recorded at room temperature (22—-23°C)
and were sampled at 3—10 times the anti-alias filter setting
using a 12-bit analog-to-digital converter (Labmaster,
Scientific Solutions, Solon, Ohio, U.S.A.). A commercial
software package (pClamp, Axon Instruments) was used for
data acquisition and command potentials Microelectrode
resistance averaged 2.7 + 0.7 MQ (n = 30, range 1.5-5). The
microelectrodes were gently lowered onto the cells and
Gigaohm seal formation (169 GQ, range 6-33 GQ,
n=26) was achieved by suction. Following seal formation,
cells were lifted from the bottom of the perfusion bath and
the membrane patch was ruptured with brief additional suc-
tion. The capacitive transients elicited by symmetrical 10 mV
steps from —80mV to —70 mV were recorded at 50 kHz
(filtered at 10-20kHz) for subsequent calculation of
capacitive surface area, access resistance and input
impedance. Thereafter capacitance and series resistance com-
pensation were optimized; 80% compensation of the effective
access resistance (9.1 £ 0.9 MQ) was usually obtained. With
an average current of 1.3 nA at +50 mV the voltage error
induced by the residual series resistance was less than
3mV.

Synthesis of terfenadine enantiomers

The method of chiral synthesis via organoboranes (Brown et
al., 1988) was used to synthesize the terfenadine enantiomers
as illustrated in Figure 1. Racemic terfenadine was oxidized
to its corresponding ketone (4-(1,1-dimethylethyl)phenyl-4-
(hydroxy-diphenylmethyl)- 1-piperidinebutanone). This ketone
was purified, crystallized and its structure was confirmed by
n.m.r. This ketone was reduced to R(+)-terfenadine using
(+)-diiosopinocampheyl-chloroborane ((+)-Ipc,BCl) as a

Ph o
1

HO—(IS~<:>N-(CH2)3- cn@—k
Ph

(t)-Terfenadine

l PCC

eh i
HO—C —CN -(CHa)y -c—®-+
Ph

(—)-IpczB,V
Ph HO_ H
Ph

(S)-terfenadine

N:lpczBCI
OH
Ph <
HO_¢ _CN ) (CH2)3-6—©_+
Ph

(R)-terfenadine

Figure 1 Synthesis of terfenadine enantiomers: racemic terfenadine was oxidized to the corresponding ketone using pyridinum
chlorochromate (PCC). The appropriate chiral reducing agents (+)- or (—)-Ipc,BCl, were used to impose the desired chiral

configuration.
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chiral reducing agent. Purification on a silica gel column
using 1% methanol/methylelne chloride provided the R-
isomer of terfenadine (reaction yield: 65%). The structure
was confirmed by n.m.r. The S(—)-enantiomer was similarly
synthesized using (-)-Ipc,BCl. The purity of each enantiomer
was assessed by h.p.l.c. using an Ultron ES-OVM column
with methanol/25 mM phosphate buffer (pH 4.6) (25:75) as
mobile phase. The R-enantiomer was 97.5% pure, and S(-)-
terfenadine was 95.2% pure. n.m.r. spectra were recorded in
CDCl; on a Bruker/IBM NR 300.

Other solutions and drugs

The intracellular pipette filling solution contained (in mM):
KCI 110, HEPES 10, K,BAPTA 5, K,ATP 5, MgCl, 1, and
was adjusted to pH 7.2 with KOH, yielding a final intracel-
lular K* concentration of approximately 145 mM. The bath
solution contained (mM): NaCl 130, KCl4, CaCl, 1.8,
MgCl, 1, HEPES 10, glucose 10, and was adjusted to pH 7.35
with NaOH. Racemic terfenadine (mol.wt. = 472) was pur-
chased from Sigma Chemical CO., St. Louis, MO, U.S.A.
Terfenadine carboxylate was provided by Marion Merrell
Dow Inc., Cincinnati, OH, U.S.A. All compounds were dis-
solved in dimethyl sulphoxide (DMSO, Sigma Chemical Co.)
to yield stock solutions of 10 mM. This vehicle had no
measurable effects on the hKvl.5 current in final working
concentrations up to 0.1%. Control solutions contained the
same concentrations of DMSO as the test solution.

Pulse protocols and analysis

After obtaining control data, bath perfusion was switched to
drug-containing solution. Drug infusion or removal was
monitored with test pulses from —80mV to +50mV, ap-
plied every 30 s until steady-state was obtained (within about
10 min). The holding potential was — 80 mV unless indicated
otherwise, and the interval between depolarizations for any
protocol in control or in drug was 10s or slower. The
protocol to obtain current-voltage (IV) relationships and
activation curves consisted of 250 ms pulses that were
imposed in 10 mV increments between —80 and +60 mV.
‘Steady state’ IV relationships were obtained by measuring
currents at the end of the 250 ms depolarizations. Between
—80 and —40mV, only passive linear leak was observed;
least squares fit to these data were used for passive leak
correction. Deactivating tail currents were recorded upon
repolarization to —30 to — 50 mV. The activation curve was
obtained from the tail current amplitude immediately after
the capacitive transient. For steady-state measurements, raw
data points were averaged over a small time window
(5-10 ms). Activation curves were fitted with a Boltzmann
equation of the form y = 1/(1 + exp[-(E-E,)/k]) where E,
represents the half-activation voltage and k the slope factor.
The time course of tail currents and drug-induced ‘inactiva-
tion’ was fitted with a sum of exponentials. The curve-fitting
procedure used a non-linear least squares (Gauss-Newton)
algorithm. The fit results were displayed in linear and
semilogarithmic format together with a plot of the residual
deviation of the data from the fitted curve (difference plot).
Goodness of the fit was judged by the y2, criterion (F-test)
and by inspection for systematic non-random trends in the
difference plot.

A first-order blocking scheme was used to describe the
drug-channel interaction. The apparent affinity K, (concent-
ration for 50% block or ECs) and Hill coefficient n were
obtained from fitting the fractional block f at various drug
concentrations [D] to the equation:

S=1/(1 + (Kp/[D)") (]

Voltage-dependence of block was determined as follows: leak
subtracted current in the presence of drug was normalized to
matching control to yield fractional block at each voltage
(f = 1-Littenadine/ Leonrot)- The voltage-dependence of block was

described by a Woodhull (1973) model and was fitted to the
equation:
S/=[DI/(D] + Kp* x e*FE/RT) (2]

where z represents the valency, F the Faraday constant, R
the gas constant, T the absolute temperature, and &
represents the fractional electrical distance, i.e. the fraction of
the transmembrane field sensed by a single charge at the
receptor site. Kp* represents the apparent affinity at a
reference voltage (0 mV).

Statistical methods

Results are expressed as mean * s.e.mean. A paired ¢ test was
used to compare the effect of each test compound to its
control; P<0.05 was considered significant.

Results

Concentration-dependent block of the hKv1.5 current by
terfenadine

Figure 2a shows representative recordings of the K* current
through hKvl.5 channels expressed in mouse L-cells during
depolarizations from a holding potential of —80 mV to vol-
tages between —30 and +50 mV in steps of 10 mV. Under
control conditions (Figure 2a), the hKvl.5 current rose
rapidly with a sigmoidal time course to a peak and then
declined slowly (slow and partial inactivation) as reported

250 ms
+50
-30 mV
-80j
a
Control
——
b

Racemic
terfenadine

Washout

S ——————
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Figure 2 Suppression of hKvl.5 current by terfenadine. Currents
are shown for depolarizations from —80mV to voltages between
—30 and +50mV in steps of 10 mV; tail currents were obtained
upon repolarization to —30mV. Panels (a—c) represent control,
10 uM racemic terfenadine, and washout (20 min), respectively. After
addition of terfenadine, the currents at the end of the depolarization
were reduced at all levels of voltages. The effect was largely reversed
after a 20 min washout. Cell capacitance, 14 pF. Vertical calibration:
0.5nA. Data filtered at 2kHz (4 pole Bessel) and digitized at
10 kHz; digital leak subtraction and additional digital filtering at
1 kHz.
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previously (Snyders et al., 1992; 1993). The steady-state cur-
rent amplitude (at the end of 250ms step) was
1280 + 120 pA (or 94 £ 9 pA/pF, n=30) at +50 mV. De-
caying outward tail currents were observed upon repolariza-
tion to —30mV. Figure 2b shows that this outward K*
current was markedly suppressed by application of 10 um
racemic terfenadine. The effect was largely reversible after a
20-min wash-out period (Figure 2c). Terfenadine not only
reduced the current amplitude, but also altered the time
course of the current during depolarization. The current
initially activated as in control, but subsequently declined
markedly. This decline occurred much faster and to a larger
extent than the slow inactivation observed in control.
Analysis of this time course of block (see below) indicated
that a steady level was achieved within 250 ms, while only a
limited degree of slow inactivation occurred over this time.
Therefore, the reduction of the hKvl.5 current at end of
a-250 ms depolarization (Zerenadine/Jeontror) Was used as an index
of block. In the experiment shown in Figure 2, the K*
current at +50 mV was reduced to 10% of control in the
presence of 10 uM racemic terfenadine. This steady-state
reduction of hKv1.5 current was concentration dependent as
shown in Figure 3. A non-linear least squares fit of the
concentration-response equation [/] (see methods) to these
data was used to obtain the apparent affinity Kp and Hill
coefficient n. In Figure 3, the dotted line represents the fit to
the racemic terfenadine data with an apparent K of 0.88 uM
and n=0.95. When the data were fit assuming a Hill
coefficient of 1, a similar apparent affinity was obtained (Kp
of 0.81 uM). Either approach suggested that binding of one
terfenadine molecule per channel was sufficient to inhibit
potassium permeation.

Voltage-dependent block of the hKv1.5 current by
terfenadine

Figure 4 shows that suppression of hKvl.5 current was
observed over the whole voltage range over which this cur-
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Figure 3 Concentration-dependence of suppression of hKvl.5 cur-
rent by terfenadine and its enantiomers. Suppression of the steady-
state hKv1.5 current (relative to control) at the end of depolariza-
tions to +50mV was used as index block. Data are shown as
mean * s.e.mean from 3-5 determinations at each concentration.
The dotted line represents the fit of the Hill equation [1] to the
racemic terfenadine data (O) which yielded an apparent K, of
0.88 uM and a Hill coefficient of 0.95. The solid and dashed lines
represent the fit for the R-(®) and S-enantiomer (O), respec-
tively.

rent is activated. To determine and quantitate the voltage-
dependence of this inhibition, the relative current (Ziienadine/
Iomsor) Was plotted as a function of voltage (Figure 4b). Block
increased steeply between —20mV and OmV, coinciding
with the voltage range of channel opening (Snyders et al.,
1993). This suggests that terfenadine binds primarily to the
open channel. Between O0mV and +60mV, terfenadine-
induced block continued to increase with a more shallow
voltage-dependence. It is unlikely that this shallow voltage-
dependence was due to channel gating because hKvl.S
activation has reached saturation over this voltage range
(Snyders et al., 1993). Terfenadine is a weak base (pK,~10)
and is therefore predominantly present in its charged form at
the intracellular pH of 7.4. Thus, the voltage-dependence of
block could be due to the effect of the transmembrane elect-
rical field on the terfenadine-channel interaction, similar to
that reported for the interaction of quinidine with this
hKv1.5 channel (Snyders et al., 1992). If terfenadine reaches
the receptor from the inside, then channel block is expected
to increase in a voltage-dependent manner according to equa-
tion [2] (Methods), which incorporates the effect of the trans-
membrane electrical field (Woodhull, 1973). The parameter é
in this equation represents the fractional electrical distance,
i.e., the fraction of the membrane field sensed by the positive
charge at the receptor site. The dashed line in Figure 4b
represents the fit of this equation to the data points positive
to 0mV (solid symbols). A fractional electrical distance
é = (0.24 was obtained in this experiment with 10 uM racemic
terfenadine. The average value (6 =0.21, see Table 1) was
similar to the value &6=0.18 obtained in previous
experiments with quinidine (Snyders et al., 1992).

Change of hKv1.5 current time course by terfenadine

If terfenadine can access its receptor only when the channel is
on the open state, then inhibition of the K* current would
only develop as channels start to open, and block develop-
ment should be visible if the blocking rate is slower than the
opening rate. Figure 5a shows superposition of the. currents
obtained at +50 mV before and after application of 10 uM
racemic terfenadine. Under control conditions, the K* cur-
rent rapidly reached its peak and then inactivated slowly.
The time course of this partial inactivation was well fitted by
a monoexponential function, yielding a time constant of
188 + 41 ms (n = 6). In the presence of terfenadine, however,
the peak current was smaller and reached at an earlier time,
and the subsequent current decay displayed a combination of
fast and slow phases that were well-fitted with a biexponen-
tial function. In these experiments, no significant differences
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Figure 4 Voltage-dependence of hKvl1.5 block by 10 uM terfenadine.
(a) Current-voltage relationships (250 ms isochronal) in the absence
(open symbols) and presence of drug (@). (b) Normalized block,
shown as relative current (Zyng/loomr) from data in (a). Block in-
creased steeply between —20mV and 0 mV (A), corresponding to
the voltage range of activation of the hKvl.5 channel. At levels
positive to 0 mV, a more shallow voltage-dependence was observed
(@). The dotted lines represent the result of the fit of equation [2] to
these data, yielding an equivalent electrical distance 6 = 0.24 in this
case.



T. Yang et al

Cardiac* channel block by terfenadine isomers 271

were observed for the slow time constants (176 £ 42 vs
188 £ 41, n = 6, P> 0.05), while the time constant of the fast
component was 26 * 3 ms (n = 6). Thus, the fast time con-
stant (Tpo) Was considered to be a reasonable approximation
of the drug-channel interaction kinetics because it is a new
component which was sufficiently faster than the slow one to
be resolved clearly.

Time course of tail currents

In the absence of drug, the hKvl.5 current deactivated com-
pletely at —50mV, with a time constant of 31X 3 ms
(n=5). This time constant reflects the closing of the channel,
which at this voltage is essentially irreversible (Snyders et al.,
1993). If terfenadine interacts only with the open channel,
then dissociation of terfenadine from the blocked channel
should result in a transient conducting channel, which subse-
quently could close. Figure 5b shows the superposition of the
tail current obtained at — 50 mV after a 250 ms depolariza-
tion to +50mV in the absence and presence of racemic

250 ms

+50 *’50_‘
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t=177ms Control
a 4 Control b
T=31ms 5\ Crossover
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Figure 5 Time-dependent modification by terfenadine of hKvl.5
current during depolarization and repolarization. (a) Superimposed
tracings from a holding potential of —80mV to + 50 mV are shown
for control and 10 puM terfenadine. In the presence of terfenadine, a
fast decline was superimposed on the slow inactivation observed in
control. Time constants obtained using a biexponential fit, were
1, =31 ms and t, = 168 ms. The latter was similar to the slow time
constant in control (177 ms). (b) Tail currents obtained at — 50 mV
after a 250 ms depolarization to +50mV. In the presence of
terfenadine (dotted tracing), the initial amplitude was reduced,
reflecting block. The subsequent slower decline results in the ‘cross-
over’ phenomenon with the control tracing.
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terfenadine. In the control experiment shown, the tail current
declined with a time constant of 28 ms (Figure 5b). After
exposure to 1 puM racemic terfenadine, the initial tail current
amplitude was markedly reduced and the time course of the
decline of the tail current was slower compared to control
(t=40ms). The average values were 23t 3ms and
33+ 2ms for control and 1pM terfenadine, respectively
(n=3, P=0.04). Consequently, the superposition of these
tails with those in control resulted in a ‘crossover’
phenomenon (arrow in Figure 5b), compatible with transient
unblocking, and providing additional evidence for open
channel block.

Effect of R( + )- and S( — )-enantiomers of terfenadine
on hKvl.5 current

To test for potential stereoselectivity in the interaction of
terfenadine with the hKvl.5 channel, we used the individual
R(+)- and S(—)-enantiomers (Figure 1), synthesized as de-
scribed above. Figure 6 shows the suppression of hKvl.5
currents by 10 uM of R(+)-terfenadine (Figure 6a, b) and
S(—)-terfenadine (Figure 6c, d). As in the case of the
racemate, a marked time-dependent reduction of outward
current was obtained in the presence of each enantiomer. The
steady-state levels of block were similarly high for each enan-
tiomer at this concentration.

The concentration-dependence was assessed from the
steady-state suppression (250 ms isochronal values) of
hKvl.5 current with concentrations between 0.3 and 10 uM.
Averaged data are shown in Figure 3, for comparison with
the corresponding results for the racemic mixture. These
experiments indicated little difference in the affinity between
both enantiomers, with apparent K values close to those
obtained for the racemic mixture (Figure 3 and Table 1). The
time-dependence of block during depolarization was similar
for each enantiomer (Figure 6b, d). The time constants for
the fast exponential component of current decline. at
+50mV were 27 and 29ms with 10umM R- and S-
terfenadine, respectively (Table 1). Thus, no significant
difference was observed for the time constant of block
between racemic terfenadine and its enantiomers. The supp-
ression of hKvl.5 current by the individual enantiomers
showed the same biphasic voltage-dependence as shown in
Figure 4 for the racemate. The average values for the frac-
tional electrical distance 6 were 0.19 £ 0.01 for R-terfenadine,
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Figure 6 Suppression of hKv1.5 current by R- and S-terfenadine. Tracings for step depolarizatiqns (pulse protocgl: top). (a, b)
Control and 10 um R-terfenadine, respectively; (c, d) control and 10 pM S-terfenadine. As for racemic terfenadine, a time-dependent
decline of current was observed for both enantiomers. Vertical calibration: 0.5 nA.
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Table 1 Fractional electrical distance, affinity and kinetics
for terfenadine block

Racemic R-enantiomer S-enantiomer
é 021 £0.02 (5 0.19%£0.01 (5 0.21£0.02 (6)
T (ms) 2613 (6) 276 (4) 29+ 5 (4)
Kp (um) 0.81t1.10 1.19£0.09 1.16 £ 0.20

Mean t s.e.mean (n). é: Fractional electrical distance (see
equation 2, methods), tp: time constant of fast decline of
current at +50mV induced by 10uM terfenadine or its
enantiomers. Kp: apparent affinity derived as shown in
Figures 3 and 7, with Hill coefficient n = 1.

and 0.21 £ 0.02 for the S-enantiomer (see Table 1 for sum-
mary data). Thus neither concentration-, time-, nor voltage-
dependence of block indicated stereoselectivity in the binding
of the enantiomers to the hKvl.5 channel. The results
indicated a similar mechanism consistent with open channel
block. This was further confirmed by the observation of a
typical tail current ‘cross-over’ for each enantiomer (data not
shown).

Effect of terfenadine carboxylate on hKvl.5 current

Figure 7 shows representative current records for 250 ms
depolarizations to +50mV from a holding potential of
—80mV in the absence and presence of either terfenadine
carboxylate or racemic terfenadine in the same cell. Com-
pared to terfenadine (10puM), a higher concentration of
terfenadine carboxylate (50 uM) only slightly reduced the
hKvl.5 current. In 6 experiments, 50 uM terfenadine carbox-
ylate reduced the steady state current at +50 mV only by
51 2% (NS), without detectable change of the hKvl.5 chan-
nel kinetics. Because this was 50 fold above the apparent Kp
for hKvl.5 inhibition by the parent compound and its enan-
tiomers, and at least 100 times above clinically relevant con-
centrations (Woosley ez al., 1993), we did not study the effect
of higher concentrations.

Discussion

In this study, we have used our recently developed model
system that allows direct study of human cardiac potassium
channels (Snyders et al, 1992; 1993) to analyze the
mechanism of potassium channel block by terfenadine in
detail. The human hKvl.5 channel activates positive to
—30mV, consistent with involvement in the control of car-
diac action potential duration (Snyders et al., 1993), as was
shown in human atrial myocytes by selective block of this
current (Wang er al., 1993). We have previously shown that
this channel is sensitive to quinidine in micromolar concent-
ration (Snyders er al., 1992). The results presented in this
paper indicate (1) that terfenadine interacts with hKvl.5 in a
time-, voltage-, and state-dependent fashion, (2) that both
enantiomers are approximately equipotent, and (3) that the
carboxylate metabolite is considerably less active, if active at
all.

Terfenadine inhibits hKv1.5 current by acting as an open
channel blocker

In the presence of terfenadine, the hKvl.5 current was
reduced in a time-dependent manner. Upon depolarization,
the channel initially opened as in control, but subsequently
the current was reduced to a lower steady-state level (Figures
2, 5, 6 and 7). A similar observation was made for the
interaction of terfenadine with fHK, a cloned channel similar
to hKvl.5 (Rampe et al., 1993). However, in that study, the
increase of block with voltage was not significant. Drug-
induced time-dependent decline of current can be due to
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Figure 7 Comparison of the effects of terfenadine and its acid
metabolite on hKvl.5 current. Shown are typical current records
(voltage clamp protocol on top) in control, and after sequential
application of the metabolite, and the parent compound in the same
cell. Application of 50 uM terfenadine carboxylate reduced the cur-
rent by less than 10%, but after washout, subsequent application of
terfenadine resulted in the typical response.

several mechanisms, including block of open channels. Com-
pelling evidence for open channel block includes voltage-
dependence of block and the tail current cross-over
phenomenon, as was shown for quinidine block of this chan-
nel (Snyders et al., 1992). As shown in Figure 4 and Table 1,
we observed voltage-dependent open channel block that can
be described with the equivalent electrical distance 6. The
value for é was significantly different from 0, and indicates
that terfenadine (and its enantiomers) sense about 20% of
the applied transmembrane electrical field, referenced from
the cytoplasmic side. This analysis assumes that terfenadine
approaches the receptor from the inside, consistent with the
effect of terfenadine in inside-out patches (Rampe et al.,
1993). Another argument for the open channel block model
comes from the modification of the kinetics of the tail cur-
rents. For the deactivating tail currents at —50 mV, the time
course was slowed with respect to control, resulting in the
‘cross-over’ effect shown in Figure S.

While the modification of open channel current is consis-
tent with open channel block, the demonstration of voltage-
dependent block and tail current cross-over provides further
strong evidence for this proposed mechanism of action. Both
features indicate that the channel has to open before drug
can reach the receptor and inhibit ion flow, and that the drug
has to leave the channel before it can fully close. This is very
similar to the mechanism of quinidine block of the hKvl.5
channel, but the affinity is about 6 fold higher. This can be
understood if we assume that the 29 ms time constant (Table
1) reflects the time course of drug binding to the channel.
For a bimolecular reaction (Snyders et al., 1992), the time
constant of block corresponds to 1/(k X [D] + /). Together
with the apparent affinity of 0.88 uM (= I/k), this yields
values of k= 3.5 % 10° s~'M~! and /=3 s~!. Thus the appar-
ent association rate constant k is only slightly smaller than
that of quinidine (4.5 x 10°s~'M~') obtained with a similar
approach (Snyders et al., 1992). The main difference is that
the apparent dissociation rate constant / is about 10 fold
slower compared to quinidine (34 s~'). Because this dissocia-
tion rate constant should reflect the stability of the drug-
receptor complex, the slower dissociation may reflect a
stronger hydrophobic component of binding, consistent with
the high hydrophobicity of this agent. At the molecular level,
this mechanism of block indicates that the drug moves some
distance into the internal mouth of the channel before
reaching the binding site. A hydrophobic component has
recently also been observed for binding of tetraethylam-
monium at the internal quaternary ammonium site in related
Shaker potassium channels (Choi et al., 1993). In the carbox-
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ylate metabolite, the introduction of a formal negative charge
reduces the hydrophobicity of part of the molecule, and may
also counteract the effect of the positive charge on the ter-
tiary amine. Both effects are potential explanations for the
much lower potency of the carboxylate metabolite.

Comparison of in vitro affinity with in vivo
pharmacokinetics

Terfenadine is normally not present in detectable values in
human plasma (Woosley et al., 1993), but toxicity has been
associated with elevated levels (Coutant e? al., 1991). In some
cases this was due to (intentional) overdosage (Davies et al.,
1989; Kintz & Mangin, 1992), but in most cases the toxicity
appeared to result from drug interactions (Cortese & Bjorn-
son, 1992; Peck et al., 1993; Pohjola-Sintonen et al., 1993;
Hirschfeld & Jarosinski, 1993; Honig et al, 1993).
Terfenadine is metabolized to the active H,-receptor
antagonist, terfenadine carboxylate. This biotransformation
is achieved by a specific hepatic enzyme CYP 3A4. When
other agents such as erythromycin and ketoconazole compete
for this system, the biotransformation is inhibited, resulting
in elevated levels of the parent compound (Honig e? al., 1992;
1993). Plasma levels of 100 ngml~' (~0.2 uM) have been
reported in cases of torsades de pointes. Although this level
is below the apparent Kp for hKvS.1 block, it should be
noted that control of the duration of the cardiac action
potential relies on a delicate balance of small currents and
that even partial block of one of these currents can result in
marked changes in action potential duration. For instance,
the human atrial action potential duration was increased by
30% by a concentration of 4-aminopyridine which only
blocked 50% of the hKvl.5 current (Wang et al., 1993). Thus
partial potassium channel block during the plateau phase
may be sufficient to cause substantial changes in action
potential duration. In addition, the effective concentration in
the myocytes may not be accurately reflected by the plasma
concentration, given the lipophilic character of this drug, and
our data (obtained at room temperature) may underestimate
the potency of terfenadine at physiological temperatures.
Moreover, at least one preliminary report suggests that
racemic terfenadine may block other potassium channels
(Crumb & Brown, 1993).

Relevance of relative potency to clinical toxicity

The biotransformation of racemic terfenadine is not
stereoselective (Zamani et al., 1991; Chan et al., 1991), and
receptor binding studies have shown a similar affinity of both
enantiomers for histamine H, receptors (Zhang et al., 1991).
In this situation, a less toxic enantiomer might be beneficial
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associated toxicity.

We appreciate the technical assistance of Craig Short, Jayaveera
Kodali and Samir Saleh, and clerical assistance of Melissa Austin.
D.M.R. holds the William Stokes chair in Experimental
Therapeutics, a gift from the Daiichi Corporation. This study was
supported by NIH grants HL47599, HL46681 and GM31304.

CHOI, K.L., MOSSMAN, C., AUBE, J. & YELLEN, G. (1993). The
internal quarternary ammonium receptor site of Shaker potas-
sium channels. Neuron, 10, 533-541.

CORTESE, L.M. & BJORNSON, D.C. (1992). Potential interaction
between terfenadine and macrolide antibiotics [letter]. Clin. Phar-
macy, 11, 675.

COUTANT, J.E.,, WESTMARK, P.A., NARDELLA, P.A,, WALTER, S.M.
& OKERHOLM, R.A. (1991). Determination of terfenadine and
terfenadine acid metabolite in plasma using solid-phase extraction
and high-performance liquid chromatography with fluorescence
detection. J. Chromatogr., 570, 139-148.

CRUMB, W.J. & BROWN, AM. (1993). Terfenadine blockade of a
potassium current in human atrial myocytes. Circulation, 88,
I-230(Abstract).

DAVIES, A.J., HARINDRA, V., MCEWAN, A. & GHOSE, R.R. (1989).
Cardiotoxic effect with convulsions in terfenadine overdose. Br.
Med. J., 298, 325.

FOLLMER, C.H. & COLATSKY, T.J. (1990). Block of delayed rectifier
potassium current, Ig, by flecainide and E4031 in cat ventricular
myocytes. Circulation, 82, 289-293.



274 T. Yang et al

Cardiac K* channel block by terfenadine isomers

FURUKAWA, T., TSUJIMURA, Y., KITAMURA, K., TANAKA, H. &
HABUCHI, Y. (1989). Time- and voltage-dependent block of the
delayed K* current by quinidine in rabbit sinoatrial and
atrioventricular nodes. J. Pharmacol. Exp. Ther., 251,
756-763.

HIRSCHFELD, S. & JAROSINSKI, P. (1993). Drug interaction of
terfenadine and carbamazepine [letter]. Ann. Intern. Med., 118,
907-908.

HONIG, P.K., WOOSLEY, R.L., ZAMANI, K., CONNER, D.P. & CAN-
TILENA, Jr, L.R. (1992). Changes in the pharmacokinetics and
electrocardiographic pharmacodynamics of terfenadine with con-
comitant administration of erythromycin. Clin. Pharmacol. Ther.,
52, 231-238.

HONIG, P.K., WORTHAM, D.C., ZAMANI, K., CONNER, D.P., MUL-
LIN, J.C. & CANTILENA, L.R. (1993). Terfenadine-ketoconazole
interaction. Pharmacokinetic and electrocardiographic conse-
quences. J. Am. Med. Ass., 269, 1513-1518.

JECK, C.D. & BOYDEN, P.A. (1992). Age-related appearance of out-
ward currents may contribute to developmental differences in
ventricular repolarization. Circ. Res., 71, 1390-1403.

KINTZ, P. & MANGIN, P. (1992). Toxicological findings in a death
involving dextromethorphan and terfenadine. Am. J. Forensic
Med. Pathol., 13, 351-352.

MATHEWS, D.R., MCNUTT, B., OKERHOLM, R., FLICKER, M. &
MCBRIDE, G. (1991). Torsades de pointes occurring in association
with terfenadine use [letter]. J. Am. Med. Ass., 266,
2375-2376.

MCTAVISH, D., GOA, K.L. & FERRILL, M. (1990). Terfenadine. An
updated review of its pharmacological properties and therapeutic
efficacy. Drugs, 39, 552-574.

MIRRO, M.J.,, WATANABE, AM. & BAILEY, J.C. (1981). Elect-
rophysiological effects of the optical isomers of disopyramide and
quinidine in the dog: Dependence on stereochemistry. Circ. Res.,
48, 867-874.

MONAHAN, B.P., FERGUSON, C.L., KILLEAVY, ES., LLOYD, BK.,,
TROY, J. & CANTILENA, Jr, L.R. (1990). Torsades de pointes
occurring in association with terfenadine use. J. Am. Med. Ass.,
264, 2788-2790.

PECK, C.C., TEMPLE, R. & COLLINS, J.M. (1993). Understanding
consequences of concurrent therapies. J. Am. Med. Ass., 269,
1550-1552.

POHJOLA-SINTONEN, S., VIITASALO, M. TOIVONENE, L. &
NEUVONEN, P. (1993). Torsades de pointes after terfenadine-
itraconazole interaction. Br. Med. J., 306, 186.

RAMPE, D., WIBLE, B, BROWN, A.M. & DAGE, R.C. (1993). Effects of
terfenadine and its metabolites on a delayed rectifier K* channel
cloned from human heart. Mol. Pharmacol., 44, 1240-1245.

RODEN, D.M. (1990). Clinical features of arrhythmia aggravation by
antiarrhythmic drugs and their implications for basic
mechanisms. Drug Develop. Res., 19, 153-172.

SANGUINETTI, M.C. & JURKIEWICZ, N.K. (1990). Two components
of cardiac delayed rectifier K* current. Differential sensitivity to
block by class IIl antiarrhythmic agents. J. Gen. Physiol., 96,
195-215.

SIMONSEN, L.L. (1992). What are pharmacists dispensing most
often? Pharmacy Times, April, 47-65.

SINGH, B.N. & NADEMANEE, K. (1985). Control of cardiac arr-
thymias by selective lengthening of repolarization: theoretical
considerations and clinical observations. Am. Heart. J., 109,
421-430.

SNYDERS, D.J.,, KNOTH, K.M., ROBERDS, S.L. & TAMKUN, M.M.
(1992). Time-, voltage- and state-dependent block by quinidine of
a cloned human cardiac potassium channel. Mol. Pharmacol., 41,
322-330.

SNYDERS, D.J.,, TAMKUN, M.M. & BENNETT, P.B. (1993). A rapidly
activating and slowly inactivating potassium channel cloned from
human heart. Functional analysis after stable mammalian cell
culture expression. J. Gen. Physiol., 101, 513-543.

TAMKUN, M.M., KNOTH, K.M., WALBRIDGE, J.A., KROEMER, H.,
RODEN, D.M. & GLOVER, D.M. (1991). Molecular cloning and
characterization of two voltage-gated K* channel cDNAs from
human ventricle. FASEB J., 5, 331-337.

WANG, Z., FERMINI, B. & NATTEL, S. (1993). Sustained
depolarization-induced outward current in human atrial
myocytes. Evidence for a novel delayed rectifier K* current
similar to Kvl.5 cloned channel currents. Circ. Res., 73,
1061-1076.

WOODHULL, AM. (1973). Ionic blockade of sodium channels in
nerve. J. Gen. Physiol., 61, 687-708.

WOOSLEY, R.L., CHEN, Y., FREIMAN, J.P. & GILLIS, R.A. (1993).
Mechanism of the cardiotoxic actions of terfenadine. J. Am. Med.
Ass., 269, 1532-1536.

ZAMANI, K., CONNER, D.P., WEEMS, H.B.,, YANG, SK. & CAN-
TILENA, Jr, L.R. (1991). Enantiomeric analysis of terfenadine in
rat plasma by HPLC. Chirality, 3, 467—-470.

ZHANG, M., TER LAAK, AM. & TIMMERMAN, H. (1991). Optical
isomers of the HI1 antihistamine terfenadine: synthesis and
activity. Bioorg. Med. Chem. Lett., 1, 387-390.

(Received November 2, 1994
Revised February 2, 1995
Accepted February 7, 1995)



British Journal of Pharmacology (1995) 115, 275-282

Actions of general anaesthetics on a neuronal nicotinic
acetylcholine receptor in isolated identified neurones of
Lymnaea stagnalis
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1 Completely isolated identified neurones from the right parietal ganglion of the pond snail Lymnaea
stagnalis were studied under two-electrode voltage-clamp. Neuronal nicotinic acetylcholine receptor
currents were studied at low acetylcholine (ACh) concentrations (< 200 nM). At these levels, control
currents were non-desensitizing and proportional to the square of the ACh concentration.

2 ICs, concentrations were determined for the steady-state inhibition of the ACh-activated current by
31 general anaesthetics plus the non-anaesthetic alcohol n-tridecanol. The general anaesthetics included
inhalational agents, n-alcohols, n-alkane-(a,w)-diols, cycloalcohols and an n-alkane.

3 Anaesthetic inhibition was independent of voltage and consistent with two anaesthetic-binding sites
on the receptor.

4 ICs, concentrations for inhibiting the neuronal nicotinic ACh receptor correlated well (r = 0.97) with
ECs, concentrations for general anaesthesia. The maximum deviation from the line of identity was less
than fourfold. The inhalational agents tended to be more potent as inhibitors of the ACh receptor than
as general anaesthetics, while the alcohols and diols were less potent.

5 The inhibition of the ACh-induced current by the homologous series of n-alcohols exhibited a cutoff
at the same position (just after dodecanol) as found for the induction of general anaesthesia in
tadpoles.

6 Polarity profile maps of the anaesthetic-binding sites on the neuronal nicotinic ACh receptor were
calculated from ICs, concentrations for the homologous series of n-alcohols and n-alkane-(a,w)-diols.
They reveal amphiphilic sites with apolar regions capable of accommodating the hydrocarbon chains of
n-alcohols as large as decanol. A striking resemblance was found to profiles previously calculated from
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data for tadpole general anaesthesia.
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cohols; cutoff effect; polarity profiles; identified molluscan neurones

Introduction

Although the nicotinic acetylcholine receptor (AChR) of the
neuromuscular junction is the most thoroughly investigated
of all neurotransmitter-gated receptor channels, much less is
known about its neuronal equivalent. Despite sharing some
common properties, such as rapid opening of their channels
in response to acetylcholine, muscle and neuronal nicotinic
AChRs represent distinct families of receptors with charac-
teristic differences. For example, although both receptors
appear to be pentamers, muscle-type receptors are composed
of four different types of subunit, whereas neuronal receptors
require only one or two different subunit types to be func-
tional (Patrick et al., 1993). Furthermore, neuronal AChRs
have a greater tendency to behave as inward rectifiers than
do muscle receptor channels (Mathie et al., 1990; Papke,
1993). More pertinent to the present study are possible
differences in response to general anaesthetics. Muscle-type
nicotinic AChRs in the clonal BC3H1 cell line (Dilger ez al.,
1993), for example, appear to be much less sensitive to
inhibition by isoflurane than neuronal nicotinic AChRs from
bovine adrenal chromaffin cells (Pocock & Richards, 1988)
and molluscan neurones (Franks & Lieb, 1991a).

The finding (Sargent, 1993) that neuronal nicotinic ACh
receptor subunits are much more widely expressed in the
mammalian central nervous system than previously realised
raises the possibility that anaesthetic inhibition of these
receptors may play a role in general anaesthesia. To evaluate

! Present address: Department of Anatomy, Cambridge University,
Downing Street, Cambridge CB2 3DY.
2Authors for correspondence.

this possibility, it is important to study the effect of a wide
range of agents on neuronal nicotinic AChRs under con-
trolled conditions. We have chosen a convenient molluscan
preparation in which identified central neurones having a
single type of nicotinic AChR response can be completely
isolated and then exposed under voltage-clamp to known
aqueous concentrations of acetylcholine and anaesthetics
(Franks & Lieb, 1991a). We have measured the effects on this
neuronal nicotinic AChR of 31 anaesthetic agents and find a
good correlation between potencies for inhibiting nicotinic
AChR activity and for causing general anaesthesia, over
about a 20,000 fold range of potencies. Furthermore, we find
that the whole animal anaesthetic potency cutoff found in the
series of n-alcohols is replicated by the neuronal nicotinic
AChR. Finally, using our experimentally determined anaes-
thetic ICs, concentrations, we have mapped out the polarity
profiles of the anaesthetic binding sites on the receptor pro-
tein and find remarkably good agreement with the average
profile for the unknown primary target sites underlying
general anaesthesia in animals.

Methods

Solutions

The composition of normal saline was (mM): NaCl 50,
KCl2.5, CaCl, 4, MgCl, 4, HEPES 10, glucose 5; titrated to
pH 7.4 with NaOH. ACh solutions were made up on the day
of the experiment. Anaesthetics were dissolved in normal
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saline, with and without ACh. The volatile anaesthetics and
n-pentane were made up as fractions of saturated solutions in
normal saline at room temperature. The concentrations of
the saturated solutions were taken as: chloroform, 66.6 mM
(Firestone et al., 1986); diethyl ether, 816 mM (Budavari,
1989); enflurane, 11.9mM (Seto et al, 1992); fluroxene,
30mM (Firestone er al, 1986); halothane, 17.5mMm
(Raventods, 1956); isoflurane, 15.3mM (Franks & Lieb,
1991a); methoxyflurane, 9.1 mM (Seto et al., 1992); pentane,
534 uM (Bell, 1973). The n-alcohols (carbon numbers <C7),
the cycloalcohols (carbon numbers <C10) and the n-alkane-
(x,w)-diols (carbon numbers <C9) were added directly or
diluted from stock solutions in normal saline. Solutions of
higher members of these series were prepared using concen-
trated ethanolic solutions; the final concentration of ethanol
in these anaesthetic-containing solutions was 17 mM or less,
and an identical concentration of ethanol was always present
in the equivalent control solutions. All chemicals other than
anaesthetics were obtained from Sigma Chemical Co. Ltd.
(Poole, Dorset).

Anaesthetics

The sources of the anaesthetics were as follows: enflurane,
isoflurane, methoxyflurane (Abbott Laboratories Ltd.,
Queenborough, Kent); n-tetradecanol, n-pentane-1,5-diol, n-
hexane-1,6-diol, n-octane-1,8-diol, »n-nonane-1,9-diol, n-
decane-1,10-diol, n-dodecane-1,12-diol (Aldrich Chemical Co.
Ltd., Gillingham, Dorset); chloroform, n-pentane, ethanol,
n-propanol, n-butanol, n-pentanol, n-hexanol, n-heptanol, n-
octanol, n-nonanol, n-decanol, n-dodecanol (BDH Chemicals
Ltd., Poole, Dorset); diethyl ether (Fisons Scientific Equip-
ment, Loughborough, Leicestershire); cyclodecanol (ICN
Biomedicals Ltd., Thame, Oxfordshire); halothane (ICI Ltd.,
Macclesfield, Cheshire); n-heptane-1,7-diol, cyclohexanol,
cycloheptanol, cyclooctanol, cyclododecanol (Lancaster Syn-
thesis Ltd., Morecambe, Lancashire); fluroxene (Ohio
Medical Products, Madison, Wisconsin, U.S.A)); n-
undecanol, n-tridecanol (Sigma Chemical Co. Ltd., Poole,
Dorset).

Electrophysiology

Electrophysiological measurements were made using methods
similar to those described previously (Franks & Lieb, 1991a).
Lymnaea stagnalis snails (1 to 2.5g) were obtained from
Blades Biological (Cowden, Kent). All of the measurements
were made on a group of three or four neurones which had a
yellow-speckled appearance and lay adjacent to one another
and lateral to the neurosecretory region in the ventral por-
tion of the right parietal ganglion. The cells were completely
isolated from the right parietal ganglion, which had been
dissected away intact from the CNS. Identified neurones were
isolated by impaling them with two microelectrodes and then
slowly moving the ganglion away until the cell and its axons
pulled free. This left the cell suspended in a bath (volume
~50ul) which was perfused with solution at a rate of
1-2mlmin~'. Under these conditions, solution exchange
around the cell was rapid and equilibration was generally
complete in a few seconds or less. A two-electrode voltage
clamp (Axoclamp 2A, Axon Instruments, Foster City,
California, U.S.A.) was used, with the current record filtered
(10Hz, -3dB) by an 8-pole Bessel filter. Electrodes were
fabricated using 1 mm filamented glass capillaries (Clark
Electromedical Instruments, Reading, Berkshire) and were
filled with either 2.5 M potassium chloride or 2 M potassium
acetate. Electrode resistances were usually in the range
10-40 MQ. All of the electrophysiological measurements
were performed at room temperature.

When the recording electrodes were filled with potassium
acetate, ACh induced a current which reversed (see Figure 1)
at —70+4mV (mean *s.emean; n=35), close to the

expected reversal potentials of potassium and chloride ions.
However, this reversal potential did not change measurably
(n=4) when the external potassium concentration was
doubled, suggesting the current to be carried largely, if not
entirely, by chloride ions. This current has characteristics of a
nicotinic AChR current (Franks & Lieb, 1991a). A similar
ACh-activated inhibitory Cl~ current has been described by
others (Kehoe, 1972; Chemeris et al., 1982; Andreev et al.,
1984). When the electrodes were filled with potassium
chloride, the reversal potential shifted to the right due,
presumably, to an elevated concentration of chloride ions
inside the cell (see Figure 1). For all of the anaesthetic
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Figure 1 Current-voltage curves for the current activated by 200 nM
acetylcholine (ACh). When the recording electrodes were filled with
potassium acetate (O, 2 M), the reversal potential was V., = —70
+ 4 mV (mean * s.e.mean; n = 5 neurones). With potassium chloride
(@, 2.5 M) electrodes, the ACh-activated current did not reverse but
tended to zero near 0 mV (n =3 neurones). The data for different
cells have been combined by setting the slope conductances in the
roughly linear region from —90 to —60mV to be the same.
S.e.means are shown except when smaller than the size of the
symbol. )
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Figure 2 Dose-response curve for the peak acetylcholine (ACh)-
activated current. At low concentrations (<200 nm) of ACh, the
induced current increased as the square of the ACh concentration
and showed little desensitization (see inset on left). The solid line is a
least-squares fit to the data up to 200 nM ACh, the standard concent-
ration used in the anaesthetics experiments. At higher concentra-
tions, the ACh-induced current showed increasingly marked desen-
sitization (see inset on right) and the square root of the peak current
began to deviate from linearity (dashed line). The horizontal calibra-
tion bars for the insets correspond to 60s. The data are from four
neurones and have been combined by setting the current induced at
200 nM to be the same for all data sets. S.e.means are shown except
when smaller than the size of the symbol, apart for the value at
150 nM which was a single point determination.
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experiments described here, we used electrodes filled with
potassium chloride, since this allowed large Cl~ currents to
be measured at around —70 mV, where contributions from
anaesthetic-activated potassium currents (Franks & Lieb,
1988; 1991b) could be minimized.

As described in the Results section, all of the anaesthetics
tested produced a steady-state level of inhibition, although
the time taken to reach this steady-state varied among the
anaesthetics. The anaesthetics were either co-applied with the
ACh or, more usually, pre-applied before application of
ACh. The latter protocol was used particularly when there
was evidence that the anaesthetics themselves caused a
change in resting current (so that small shifts in the baseline
current could be taken into account when calculating ICs,
values). The percentage inhibition was calculated using con-
trol ACh switches before and after anaesthetic administra-
tion, with sufficient time being allowed (20-120 s) for steady-
state levels to be achieved. The ICy, values were calculated by
fitting the data to Eqn.l1 in the Results section, and these
values were combined to give a mean and standard error for
each agent. Only in the cases of n-tridecanol and n-tetra-
decanol did it prove impossible to achieve experimentally
50% inhibition of the ACh-induced current. For n-tridecanol,
an ICs, concentration was calculated by extrapolation from
the inhibition observed at a close to saturating concentration
(see Results).

Values are given as means T s.e.means.

Results

The uninhibited ACh-activated current

The identified, yellow-speckled neurones were usually ext-
remely sensitive to ACh, with a concentration of 200 nM
giving currents between 0.5 and 10 nA. At low (<200 nM)
ACh concentrations, currents were non-desensitizing and
proportional to the square of the ACh concentration (Figure
2), consistent with two bound ACh molecules being required
for opening the receptor channel. At higher ACh concentra-
tions, desensitization began to appear and peak currents
deviated from a simple square dependency (Figure 2). For
simplicity, therefore, all anaesthetic experiments were per-
formed in the low range of ACh concentrations (<200 nM),
usually at 200 nM ACh.

The anaesthetic-inhibited current

Simultaneous application of ACh and anaesthetic produced
an inhibited current that decayed to a constant steady-state
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Figure 3 Inhibition of the acetylcholine (ACh)-induced current by

the volatile general anaesthetic isoflurane. The inhibited current
rapidly (~10s) reached a steady value. In this example, 0.23 mm
isoflurane inhibited the current by ~60%. This isoflurane concentra-
tion is ~80% of the ECj, for tadpole general anaesthesia (Firestone
et al., 1986).

level. The magnitude and speed of the decay process varied
from agent to agent. For some agents, especially for the
volatile anaesthetics, the decay was small and rapid (Figure
3). For other agents, in particular the long-chain anaes-
thetics, the decay was larger and slower (Figure 4). This
decay was roughly exponential and was essentially complete
within 90s. When substantial decay occurred, steady-state
inhibition was usually measured by preincubating the
neurone with anaesthetic (during general anaesthesia,
neurones are exposed to anaesthetics for many minutes) and
then repeatedly applying ~20 s pulses of ACh in anaesthetic
solution until a constant response was obtained (see Figure
4).
Inhibition of the ACh-induced current by isoflurane was
virtually independent of transmembrane potential in the
range from —100mV to —40mV (Figure 5). In addition,
