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EDITH BULBRING FRS

Photograph by Professor Giorgio Gabella

Edith Biilbring was a great personality who was famous inter-
nationally for her work on the physiology and pharmacology
of smooth muscles. She retained her interest in the field right
up to her death on July 5th 1990 at the age of 86 years. Her
collaborators came from all parts of the world and almost all
of them when they returned to their own countries became
eminent in their own right. Many of them trained others in
smooth muscle pharmacology and so Edith acquired a gener-
ation of scientific ‘grandchildren’.

Her father was German and a professor of English first in
Groningen (The Netherlands) and later in Bonn. Her mother
was Jewish and Dutch and came from a well known family of
bankers in The Hague. Edith was the youngest of four child-
ren (three sisters and a brother) and was born on 27th Decem-
ber 1903 in Bonn. Edith’s Jewish origins were to have
profound effects on her later life.

Her family was very scholarly and Edith became fluent in
German, Dutch, French and (somewhat later) English. She
could also speak tolerable Italian. She developed as an accom-
plished piano player under the tutelage of a family friend. Her
early life was probably rather sheltered but made difficult by
the death of her brother killed during the First World War
and even more difficult by the death of her father in 1917.
However, due to help from her mother’s family Edith was able
to continue her education which had begun at the Gym-
nasium and she entered the University of Bonn to study
physiology and medicine. During her preclinical studies she
worked on nerve staining with the histologist, Boeke, in
Utrecht. She studied medicine also in Munich where she was
attracted by the work of von Miiller, a famous Professor of
Medicine. She was by this time in her early twenties and she
very much enjoyed the social life in Munich which included

operas, dancing, skiing in the winter (which was a very ener-
getic sport in those days) and walking in the mountains in the
summer. After Munich, Edith went to Freiburg, drawn by the
presence of another famous scientist, Aschoff. There she heard
and was inspired by Trendelenburg’s lectures on pharmacol-
ogy. She returned to Bonn to finish her clinical training and
her medical degree, studying the histology of phaechromocy-
toma cells for her doctorate. After this she was a house phys-
ician in Berlin before joining Trendelenburg to work in his
laboratory in Berlin for two years (1929-1931). She worked as
this famous pharmacologist’s assistant until his death in 1931;
among other topics she studied was the action of cardiac gly-
cosides on the frog heart. It was in this laboratory that she
began her lifelong friendship with Marthe Vogt. After Tren-
delenburg’s death she returned to clinical work as a paediatri-
cian in Jena and then in Berlin. However, the rise of
antisemitism led to her being dismissed from her post in
Berlin. She returned briefly to Bonn before coming to England
in 1933.

Edith came to England with her sister Maud initially for a
holiday but during this she visited her old mentor Friedemann
who was working at Henry Dale’s laboratory in Hampstead.
In this way she met Henry Dale who introduced her to Pro-
fessor J.H. Burn. He was then at the laboratories of the Phar-
maceutical Society in Bloomsbury Square. So began her life
and work in England which became her home. Edith worked
at the Pharmaceutical Society Laboratories until 1938 when
she followed Burn who had moved to head the Department of
Pharmacology, Oxford. She was initially a departmental
demonstrator there but became increasingly independent and
was appointed successively as University demonstrator (1946),
Reader (1960) and eventually to a personal Professorship (in
1967). She was elected to a Professorial Fellowship of Lady
Margaret Hall in 1960 and remained a fellow of that college
up to her death. Her work before 1951 was on many aspects
of physiology and pharmacology. It included a description of
the rat phrenic nerve-diaphragm preparation (Biilbring, 1946).
She also worked with D. Whitteridge and G.L. Brown as well
as publishing extensively with J.H. Burn.

Her interest in smooth muscle began in her late forties after
returning from a year in Johns Hopkins University in 1949-
50. Her first interest was in the metabolic activity of smooth
muscle (Biilbring, 1953) but was soon followed by studies on
its electrical activity (Biilbring & Hooton, 1954). It was for her
work on the electrical properties and innervation of smooth
muscles that she became most famous. Her main contribu-
tions were to show that tension in intestinal muscle was corre-
lated with the frequency of spike discharge. Later she went on
to show with Tadao Tomita that in smooth muscle, calcium
entry was responsible for the action potential rather than
sodium entry as in nerve and skeletal muscle. She showed
with Hirosi Kuriyama that during the action of excitatory
transmitters, such as acetylcholine, the action potential fre-
quency was increased whereas inhibitory hormones, such as
adrenaline, decreased spike discharge frequency and hyperpo-
larized the membrane. Her interest in the metabolism of
smooth muscle continued and involved several collaborators
notably Gustav Born. Her early work on excitation was done
with Mollie Holman and on the actions of neutrotransmitters
with Geoff Burnstock. She worked extensively on peristalsis
and on the mechanism of a- and f-adrenoceptor effects in
intestinal smooth muscle. Perhaps her greatest scientific con-
tribution was to excite the interest of so many talented investi-
gators who continued and expanded her pioneering work on
smooth muscles and the actions of hormones and transmitters
in laboratories around the world.

In her middle years it is probably fair to say that Edith was
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a formidable woman. She pursued excellence with single-
minded determination and had little time for the mediocre. In
all things she was meticulous, neat, organised, generally exact-
ing and uncompromising. Another side of her was, however,
in a way impulsive and generous; she had great warmth and
enthusiasm which drew those about her. Her passion for
experimental work persisted even after her retirement. Her
determination and indomitable spirit triumphed over the dis-
ability of losing a leg in her late seventies. Her cheerfulness
never left her. Her mind was clear to the end and she never
lost her interest in smooth muscle research and scientific ideas
— ‘Now tell me what exciting discoveries you have made’ she
used to say as a greeting.

Her house in north Oxford was built in the expectation that
her two sisters Maud and Lucie would join her. However
Maud died rather early and only Lucie came to live with her.
She predeceased Edith by a few years. Well remembered are
the weekly meetings of the members of her research group
held after work at Edith’s house where results of experiments
were discussed either in the garden or in the sitting room
overlooking it. Visitors were common and subjects were wide
ranging — Edith was keen to learn about discoveries in other
fields as well as in smooth muscle. Edith loved these informal
gatherings which included over the years visitors and collabo-
rators from all parts of the world. Outside of work Edith
played the piano solo, in duet, or as an accompanist, although
after retirement she gave up playing before an audience. She

still enjoyed opera and paintings and had an enviable library
on the old masters. Dutch painters, especially Rembrandt,
were some of her favourites. She was a remarkable woman
who said she had noticed no disadvantages of her gender or
nationality in this country.

Edith Biilbring’s work brought great credit to British Phar-
macology. She became a member of the Society in 1936 and
was elected to honorary membership in 1976. In 1983 she was
awarded the Wellcome Gold Medal. Her work was also rec-
ognised in the numerous other honours she received both in
the UK. and abroad. She was given a personal Professorship
at Oxford in 1967, nine years after she was elected Fellow of
The Royal Society. She was elected honorary member of the
Italian Pharmaceutical Society, Deutsche Physiologische
Gesellschaft, The Physiological Society, and received honor-
ary degrees from Universities of Groningen (The Netherlands),
Leuven (Belgium), Homburg Saar (Germany) and was
awarded the Schmiedeberg-Plakette der Deutschen Phar-
makologischen Gesellschaft.
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Ethanol inhibition of baroreflex bradycardia: role of brainstem

GABA receptors

Karoly Varga & 'George Kunos

Laboratory of Physiologic and Pharmacologic Studies, National Institute on Alcohol Abuse and Alcoholism, 12501 Washington

Avenue, Rockville MD 20852, U.S.A.

Ethanol administered i.v. or into the nucleus tractus solitarii (NTS) of rats anaesthetized with urethane
inhibits baroreflex bradycardia elicited by phenylephrine. This effect is prevented or reduced by pretreat-
ment of rats with 3-mercaptopropionic acid, bicuculline, or RO 15-4513. Intra-NTS injection of muscimol
also inhibits baroreflex bradycardia and causes a pressor response which is potentiated by intra-NTS
ethanol. It is proposed that ethanol inhibits baroreflex bradycardia, at least in part, by potentiating the
action of endogenous y-aminobutyric acid (GABA) at GABA, receptors in the NTS or its vicinity.

Introduction The main inhibitory and excitatory neurotrans-
mitters in the central nervous system are y-aminobutyric acid
(GABA) and glutamate, respectively. Recent evidence indicates
that the effects of ethanol on the nervous system may be medi-
ated through its selective potentiation of GABA, receptor-
mediated events (Suzdak et al., 1986) and selective inhibition
of effects mediated by the NMDA-type glutamate receptor
(Lovinger et al., 1989). In addition to its well known neuro-
toxic effects, ethanol also affects cardiovascular functions.
Clinical and population studies have demonstrated the hyper-
tensive effect of chronic ethanol consumption (Potter &
Beevers, 1984). Although the mechanism underlying this effect
is not clear, recent studies in the rat indicate that ethanol is a
potent inhibitor of the depressor baroreflex response (Zhang
et al., 1989), which could contribute to its hypertensive action.
The first synapse of the baroreflex arc is in the medullary
nucleus of the solitary tract (NTS). While the nature of the
baroreflex transmitter in the NTS has not been unequivocally
established, hypothalamic GABA-ergic neurones can exert
powerful inhibition of the baroreflex by activating GABA,
receptors in the NTS (Barman & Gebber, 1979). Here we
provide evidence that the baroreflex inhibitory effect of
ethanol in anaesthetized rats is due, at least in part, to its
potentiation of GABA, receptor effects in the area of the
NTS.

Methods Male Sprague-Dawley rats weighing 300-350g
were anaesthetized with urethane, 0.3gkg™! ip. plus
0.8 gkg ™! i.v. The femoral vein was cannulated for drug injec-
tions and a cannula in the femoral artery was connected to a
pressure transducer and polygraph for direct measurement of
blood pressure and heart rate. For microinjection of drugs

Table 1 The effect on ethanol on baroreflex sensitivity

into the NTS, the dorsal surface of the medulla was exposed
by limited craniotomy and a glass microcannula was
inserted into the NTS according to published coordinates
(Mastrianni et al., 1989). Drugs or ethanol were microinjected
slowly in volumes of 50-100nl. Baroreflex bradycardia was
elicited by the i.v. injection of graded doses of phenylephrine
(5, 10, 20, 40 ugkg~'). Peak increases in blood pressure were
plotted against the corresponding peak increases in pulse
period, and the slope of the regression was taken as an indica-
tor of baroreflex sensitivity.
Results Intravenous injection of 1gkg~! ethanol into rats
anaesthetized with urethane produced blood ethanol concen-
trations of 109 + 10,95 + 1, 74 + 3, and 61 + 3mg% at 5, 15,
40 and 60 min postinjection, respectively, as measured by gas
chromatography. Basal blood pressure and heart rate were
not significantly changed by ethanol. Intravenous injection of
phenylephrine elicited a dose-dependent pressor effect and
reflex bradycardia. When phenylephrine was injected follow-
ing ethanol, the reflex bradycardic response was markedly
reduced, resulting in a significant reduction of the slope of the
baroreflex function curve (Table 1). In agreement with a recent
report (Zhang et al., 1989), microinjection of ethanol into the
NTS also inhibited baroreflex bradycardia: the degree of inhi-
bition was the same after the unilateral injection of 200 nmol
ethanol or the bilateral injection of 25nmol/side ethanol
(Table 1). The inhibition was reversible with normal baroreflex
responses restored within 2h. No inhibition was observed
when ethanol was microinjected as little as 0.5mm lateral or
rostral from the site of injection in the NTS.

In order to test whether endogenous GABA is involved in
the baroreflex inhibitory effect of ethanol, rats were treated
with the GABA depleting agent 3-mercaptopropionic acid at a

Ethanol

Imgkg™! NTS, unilat. NTS, bilat.
Pretreatment Control 200 nmol 25 nmol/side
— 0.84 + 0.10 0.32 + 0.04*
— 0.69 + 0.15 0.37 + 0.08*
— 0.68 + 0.10 0.37 + 0.08*
3-MP 0.83 + 0.27 097 + 0.27
3-MP 0.54 + 0.12 0.75 + 0.21
RO 15-4513 0.81 + 0.26 0.72 + 0.15
Bicuculline 0.71 + 0.13 0.53 + 0.12*

In each animal, baroreflex sensitivity was determined before (control) and after the administration of ethanol, as described in Methods.
Numbers represent the slope of the regression in ms mmHg ™' (means  s.e., n = 4-6). Asterisks indicate significant fiilference from the
corresponding control value, * P < 0.005. 3-MP (3-mercaptopropionic acid, 100mgkg~ 1 i.p.), bicuculline 2mgkg~"! i.p.) or RO 15-4513
(5mgkg ™! i.p.) were given 5 min before the first test dose of phenylephrine in the control period.

' Author for correspondence.
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dose of 100mgkg~! i.p., which causes a substantial decrease

in brain GABA content within 15min which lasts for more
than 60min (Roberts et al., 1978). 3-Mercaptopropionic acid
treatment caused a small decrease in basal blood pressure.
When ethanol was administered to these rats either i.v. or
intra-NTS, it did not inhibit baroreflex bradycardia (Table 1).
These results suggest that endogenous GABA localized in the
NTS is involved in the baroreflex inhibitory action of ethanol.
In other experiments, treatment of rats with the GABA,
receptor antagonist bicuculline, 2mgkg™' ip., also attenu-
ated, although did not abolish, the baroreflex inhibitory
action of ethanol (Table 1). These findings suggest that activa-
tion of GABA, receptors contributes to the baroreflex inhibi-
tory action of ethanol. Further evidence for this was obtained
in experiments with the benzodiazepine inverse agonist,
RO 15-4513 (ethyl-8-azido-5,6-dihydro-5-methyl-6-oxo-4H-
imidazo-[1,5a],[ 1,4]benzodiazepine-3-carboxylate), a com-
pound that inhibits certain actions of ethanol presumably by
interfering with the interaction between ethanol and the
GABA,, receptor complex (Ticku & Kulkarni, 1988). In rats
pretreated with RO 15-4513, Smgkg~! i.p., ethanol failed to
inhibit baroreflex bradycardia (Table 1).

To test whether ethanol interacts with GABA, receptors in
the NTS, we examined its effect on the response to the
GABA, receptor agonist, muscimol. Muscimol microinjected
into the NTS elicited a dose-dependent pressor response with
no change in heart rate (Figure 1), and inhibited baroreflex
bradycardia (baroreflex slope: 0.89 +0.12 vs 0.27 + 0.08
ms mmHg ™! before and after 40 pmol muscimol, respectively,
P < 0.005). When muscimol was tested after the intra-NTS
injection of 200 nmol ethanol, it caused significant tachycardia
and its pressor effect was markedly potentiated (Figure 1). The
effect of ethanol on the muscimol response was selective:
intra-NTS injection of 200 nmol ethanol did not influence the
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hypotensive and bradycardic response to 1nmol glutamate
microinjected into the same site (not shown).

Discussion The findings presented strongly suggest that
potentiation of the effects of endogenous GABA at GABA,
receptors in the NTS contributes to the inhibition of barore-
flex bradycardia by ethanol. When ethanol was microinjected
into the NTS, it inhibited baroreflex bradycardia, potentiated
the effects of similarly administered muscimol and did not
affect the response to glutamate. This selectivity and the
reversibility of the inhibition of baroreflex bradycardia make
it unlikely that the effects of ethanol in the NTS would be
caused by non-specific tissue damage. The lack of effect of
ethanol on the glutamate response is not in conflict with the
reported inhibition by ethanol of NMDA-receptor-mediated
responses (Lovinger et al., 1989), as the effects of glutamate in
the NTS are not affected by either NMDA or non-NMDA
antagonists (Leone & Gordon, 1989).

Because of the close proximity of the NTS to the dorsal
vagal nucleus it is possible that intra-NTS ethanol may have
reached and interacted with GABA, receptors at the latter
site (Zhang et al., 1989; Mastrianni et al., 1989). Indeed, there
is evidence that the baroreflex inhibitory action of both
ethanol (Zhang et al., 1989) and GABA (Barman & Gebber,
1979) is primarily due to inhibition of the vagal outflow to the
heart. Another possible site where GABA may be involved in
the baroreflex inhibitory action of systemically administered
ethanol is the caudal ventrolateral medulla where GABA inhi-
bits depressor baroreflex responses through stimulation of
GABA, receptors (Willette et al, 1983). In any case, the
present observations provide an example of the selective inter-
action of ethanol with a specific type of neurotransmitter
receptor as the basis for one of ethanol’s biological effects.
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Figure 1 Ethanol potentiates the pressor and tachycardic effects of muscimol. Muscimol was injected bilaterally into the nucleus
tractus solitarii (NTS) before (hatched columns) and after the bilateral intra-NTS injection of 200nmol ethanol (cross-hatched
columns). Numbers indicate the dose of muscimol in pmol/side. Vertical bars represent s.e., n = 3. Each rat was tested with only one
dose of muscimol. * indicates significant difference between corresponding paired control and post-ethanol effects (P < 0.05).
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Prevention by the NMDA receptor antagonist, MK801 of
neuronal loss produced by tetanus toxin in the rat hippocampus

G. Bagetta, *G. Nistico & 'N.G. Bowery

Department of Pharmacology, The School of Pharmacy, University of London, London and *Institute of Pharmacology, Faculty

of Medicine of Catanzaro, University Reggio Calabria, Italy

1 The behavioural and neuropathological effects of tetanus toxin, microinjected directly into the hippo-
campus, were studied in rats.

2 A single dose (1000 minimum lethal doses, MLDs) of tetanus toxin, injected unilaterally into the
hippocampus produced a time-dependent neuronal loss in the CA1 pyramidal cell layer. In comparison
with the contralateral, untreated side these effects became statistically significant (P < 0.05) 7 days
(22.0 + 1.1% reduction) and 10 days (29.2 + 1.7% reduction) after the injection. No significant changes
were observed 7 days after treatment with 500 MLDs whereas a reduction of 37.5 + 3.1% in the CAl area
cell number was produced 4 days after the injection of 2000 MLDs.

3 Behavioural stimulatory effects were also induced by tetanus toxin (1000 MLDs) within 48 h of the
injection and these culminated in generalized convulsions 5-7 days later. Convulsions were observed after
a shorter period of latency in rats receiving 2000 MLDs tetanus toxin whereas 500 MLDs were ineffective.
4 No behavioural and neuropathological effects were observed in rats treated with neutralized tetanus
toxin (1000 MLDs), bovine serum albumin or phosphate buffer.

5 Pretreatment with MK801 (0.3mgkg ™", i.p., given 1 h before and after the injection with tetanus toxin
and then once daily for 4 or 7 days) prevented the behavioural and neuropathological effects induced by
tetanus toxin (1000-2000 MLDs). In addition, such treatment fully protected the animals from the lethal
effects induced by 1000 MLDs tetanus toxin. By contrast, pretreatment with diazepam (3.0mgkg™?, i.p.)
using the same schedule as for MK 801 did not antagonize the effects of tetanus toxin (1000-2000 MLDs).

6 In conclusion, the present experiments have demonstrated that the intrahippocampal injection of
tetanus toxin produces in rats a dose- and time-dependent behavioural stimulation and neuronal loss in
the CA1 pyramidal cell layer which can be prevented by the non-competitive NMDA antagonist, MK 801.

Introduction

Excitatory amino acid receptors have been implicated in the
mediation of neuronal degeneration produced by transient
ischaemia (Simon et al., 1984; Rothman & Olney, 1986). In
particular, activation of the N-methyl-D-aspartate (NMDA)
receptor subtype appears to play a major role since antago-
nists of this receptor complex, e.g. 2-aminophosphonovaleric
acid and MK801, prevent ischaemic damage as well as the
degeneration produced by administration of NMDA receptor
agonists (Simon et al., 1984; Wong et al., 1986; Foster et al.,
1987; Gill et al., 1987). In normal brain, neuronal cell activity
is maintained by the integrated actions of excitatory and
inhibitory afferents. In many brain regions, such as the hippo-
campus, glutamic acid and y-aminobutyric acid (GABA) are
the neurotransmitters which probably subserve these func-
tions (Fagg & Foster, 1983; Taylor, 1988). Under abnormal
conditions when neurodegeneration occurs the synaptic extra-
cellular concentration of glutamate increases (Beneviste et al.,
1984) producing neuronal excitation (Suzuki et al., 1983).
However, excitation and perhaps degeneration could also
arise without any net change in glutamate levels if the GABA-
mediated inhibitory input is reduced. We have tested this
hypothesis using tetanus toxin which selectively blocks the
GABAergic inhibitory tone in the CNS (Davies & Tongroach,
1979) and the release of GABA in rat hippocampal slices
(Collingridge et al., 1981).

Methods
Injections and histology

Adult male Wistar rats (280-300g) were anaesthetized with
chloral hydrate (400mgkg™!, i.p.) and tetanus toxin micro-
injected unilaterally into the CA1l hippocampal area

! Author for correspondence.

(coordinates A = —4mm from the bregma, L = 2mm from
the midline, V = 2.4mm below the dura mater according to
the rat brain atlas of Paxinos & Watson, 1982; the volume of
injection was 1ulmin~') by means of a Hamilton micro-
syringe (5ul) mounted on a stereotaxic frame. Animals
injected with bovine serum albumin (BSA), phosphate buffer
(pH = 7.0; used to dissolve tetanus toxin) and neutralized
tetanus toxin (the neutralization was carried out with a F(ab)
fragment of the native IgG antitetanus toxin as previously
described by Gawade et al., 1985) were used as controls. After
1, 4, 7, 10 days the animals were anaesthetized and perfused —
fixed by intracardiac administration of 100ml 0.1% parafor-
maldehyde in phosphate buffered (pH = 7.0) saline. Brain
coronal sections were cut from a 1mm brain block which
included the needle track and every tenth slice for 300 um
either side of the track was stained with cresyl fast violet, tolu-
idine blue or a silver stain procedure described by Gallyas et
al. (1980). In pilot experiments we have determined that the
damage produced by tetanus toxin extended at least 400 um
either side of the injection site. The number of cells was
counted in areas of 3700 um? in each of the pyramidal cell
layers of CAl, CA2 and CA3 hippocampal regions and
granule cell layer of the dentate gyrus, stained with cresyl fast
violet. Cell counting was always performed ‘blind’ at the same
location for all slices (n = 6 sections per brain; the site of
injection was the same for both control and tetanus toxin-
treated animals). Only cells showing normal morphological
characteristics were included. Pyknotic cells or cells with cyto-
plasmic vacuolization and swollen membranes were excluded
from the count.

The mean number of neurones from each area was pooled
and expressed as mean (+s.e.mean) neurones per brain area
per treatment group (n = 3—6 brains per treatment group; 6
sections per brain). The pooled mean cell number counted in
the treated side was compared with the corresponding contra-
lateral area (control) and the statistical difference within each
group was evaluated by Student’s ¢ test.
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Behavioural and survival study

For the behavioural and survival study, 10 rats from each
group of treatment were used. Postural, locomotor and lethal
effects induced by the treatments were studied twice daily in
blind conditions. The mortality rate was stored and is report-
ed as a percentage of survivors.

Drugs

Tetanus toxin (2.5 x 107 mouse minimum lethal doses, MLDs
mg~! of protein) and the F(ab) fragment were kind gifts of
Prof. B. Bizzini (Pasteur Institute, Paris) and were dissolved in
phosphate buffer (pH = 7.0). Bovine serum albumin (Sigma,
US.A) and MKS801 (Dizocilpine, ((+)-5-methyl-10,11-
dihydro - 5H - dibenzo[a,d]cyclohepten - 5,10 - imine maleate,
SEMAT, U.K.) were dissolved in twice distilled, pyrogen-free
H,O0. The commercially available vials of diazepam (Valium,
Roche, Switzerland) were used.

Results
Neuropathological effects

A single dose of tetanus toxin (1000MLDs; n =6 rats)
injected into the right hippocampus failed to produce any
neuropathological effects 24 h after the treatment. By contrast,
a statistically significant (P < 0.05) reduction in the number of
cells in the CAl region was observed after 7 and 10 days
(n = 4-6 rats respectively). The number of cells was reduced
by 22.0 + 1.1% and 29.2 + 1.7% at 7 and 10 days, respectively

(Table 1). A lower dose of toxin (500 MLDs; n = 6 rats) did
not produce any apparent reduction in cell number 7 days
after treatment whereas a higher dose, 2000 MLDs (n = 3 rats)
produced a significant (P < 0.05) reduction (37.5 £ 2.3%) in
the CA1l area cell number. A summary of the quantitative
changes produced by these three doses of tetanus toxin at
various times is shown in Table 1. The corresponding mor-
phological changes are illustrated in Figure 1 and Figure 2. In
rats treated with bovine serum albumin (BSA; 300 ng), phos-
phate buffer (vehicle for tetanus toxin) or neutralized tetanus
toxin (1000 MLDs; by using a 3 fold excess of a non precipi-
table F(ab)' fragment of the native specific IgG, see Gawade et
al., 1985) no morphological or quantitative changes in neuro-
nal cell numbers were observed (n=6 rats per each
treatment); (Table 1).

Behavioural effects

Tetanus toxin (1000 MLDs; n = 10 rats) produced both postu-
ral and locomotor changes characterized by tail rigidity,
hunched back, turning and touch and sound-evoked circling,
ipsilateral to the site of injection, within 48 h of the treatment.
These effects were observed in all of the toxin-treated rats and
culminated 5-7 days later in generalized convulsions. Similar
effects were evoked by 2000 MLDs tetanus toxin (n = 10 rats)
although the animals were only observed for a shorter period
of time (4 days) due to the high mortality rate (see Figure 3).
Minor behavioural changes (i.e. piloerection, tail rigidity and
occasionally touch-evoked ipsilateral circling) were produced
by 500 MLDs (n = 10 rats).

Table 1 Neuronal loss induced by tetanus toxin, directly microinjected into the rat CA1 hippocampal area and its antagonism by

MK801

Treatment
group

Number of CAl

Tetanus toxin 6 365+07 326106
(1000 MLDs)

1 day after

Tetanus toxin 4
(1000 MLDs)

7 days after

Tetanus toxin 6
(1000 MLDs)

10 days after

Neutralized 6
toxin (1000
MLDs) 7 days
after

Tetanus toxin 6
(500 MLDs)

7 days after

Tetanus toxin 3
(2000 MLDs)

4 days after

Tetanus toxin 6
(1000 MLDs) +
MKS801 (7 days
after)

Tetanus toxin 3
(2000 MLDs) +
MK801 (7 days
after)

Tetanus toxin 3
(2000 MLDs) +
Diazepam (4
days after)

45+17 347+17*

3724+ 09 263 +09*

49+18 447+16

37.7+05 355+04

39.7+07 248+10*

395+10 379109

399+12

358+12

405+ 03 279 +0.6*

Brain sections (10um) of perfused-fixed rats (n = 3-6 per treatment

animals L R L

31.7+£0.7

384 + 1.7

344 £ 0.5

403 £ 0.6

28.1 £ 0.6

29.7 £ 0.7

319+ 03

352+12

36.7 £ 0.5

CA2 CA3 DG
R L R L R

310+07 167+05 156+03 792407 781+l

359+21 203+05 188+05 920+52 955457

31.5+05 197+05 180+04 761109 742107

394+05 251+06 246+07 829+18 826+16

261+05 220+04 204107 71.7+£09 685106

274+04 246+05 223+07 689+09 654109

305+04 227403 21.7+03 766+03 740103

322+13 212409 1931406 734120 716+23

343+06 242+07 213+06 786+08 758109

group) were analysed under light microscopy (Leitz 40 x ). Cell

counting was performed blind and the analyses concerned the pyramidal layers of CAl, CA2 and CA3 hippocampal areas and the
dentate gyrus (DG). Quantitation of the cell numbers (dark degenerating neurones were excluded from the counting) was performed with
a 3700 um? box positioned in corresponding areas of control and treated hippocampus within each section (n = 6 sections per brain).
Data are represented as means + s.e.mean of cells. Statistically significant changes within the means of treated (R) vs control (L;
untreated) side were evaluated by using Student’s ¢ test (unpaired data). Due to the interanimal variations in the cell numbers within the
same areas, comparison between groups of treatment was not allowed. * denotes P < 0.05.
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Figure 1 Light photomicrographs of a rat brain coronal section (10 um; toluidine blue stain) depicting a typical pattern of neuronal
damage in the CA1 pyramidal cell layer seven days after a single injection of tetanus toxin (1000 MLDs; d, e and f) compared with the
contralateral control (uninjected) side (a, b and c). The same area of damage in (d) (10 x magnification) is also shown at higher
magnification in (¢) (40 x ) and (f) (100 x ). Note the dark somatodendritic staining (right arrow) and the chromatolytic phase in some
neurones (left arrow). T = tetanus toxin-treated side; C = control (untreated) side; Inj = injection tract.

Antagonism study

In an attempt to test our hypothesis that excitatory amino
acid receptor activation was responsible for the neuro-
pathological and behavioural response to tetanus toxin, rats
were treated with either diazepam at a concentration known
to be active in blocking generalized seizures (Goodman &
Gillman, 1985) or with MK801, a selective NMDA receptor
antagonist (Wong et al., 1986; Kemp et al., 1987) which is able
to cross the blood brain barrier after systemic administration
(Clineschmidt et al., 1982). Diazepam (3.0mgkg™', i.p., given
1 h before and after the toxin injection and once a day for 4 or
7 days after) did not show any protective effect against the
neuropathological (Table 1) or behavioural effects induced by
1000 or 2000 MLDs tetanus toxin (n = 10 rats per each dose),
respectively. By contrast, MK801 (0.3mgkg™! i.p., given 1h
before and after the toxin injection and once a day for 4 or 7
days, n = 10 rats per each group of treatment) completely

abolished the neuropathological effects of both 1000 and
2000 MLDs tetanus toxin (Table 1 and Figure 4). In neither
group was any convulsive behaviour observed. At the end of
the study period (day 10) there was a significantly greater sur-
vival of animals treated with tetanus toxin and MK801 com-
pared to those treated with tetanus toxin alone (P < 0.001 by
G-test of independence with Williams correction) (Figure 3).

Discussion

The present results have shown that the injection of tetanus
toxin into the rat hippocampus produces potent behavioural
stimulation accompanied by neuronal loss in the CA1 pyrami-
dal cell layer. Control experiments carried out with neutral-
ized tetanus toxin indicate that the toxin itself and not
contaminants was responsible for the behavioural and neuro-
pathological effects. The behavioural effects of tetanus toxin
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Figure 2 Rat brain section (14 um) showing the CA1 hippocampal
areas, stained by the procedure of Gallyas et al. (1980) to illustrate the
effect of tetanus toxin (1000 MLDs) injected ten days earlier. In (b)
and (c) (40 x and 100 x magnification respectively), tetanus toxin was
injected and in this hippocampus argyrophilic neurones were
observed in the pyramidal cell layer. In the contralateral side (a) no
silver impregnation was observed. O = stratum oriens; p = stratum
pyramidale; r = stratum radiatum.
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Figure 3 Time course of the lethality induced by tetanus toxin
(1000MLDs; O) and its antagonism by systemic treatment with
MKS801 (0.3mgkg ™!, i.p.; @). Note that MK801 abolished the lethal
effects even ten days after tetanus toxin injection. Treatment with
diazepam (3.0mgkg "), with the same schedule as for MK801, failed
to show any protective effects and the lethality was not significantly
different from tetanus toxin alone (data not shown).

- TT + MK 801

20 pm

Figure 4 Light micrographs of brain coronal sections from 3 rats
showing the protective effect of MK801 (TT + MK80I, see text for
dosage) against the neuronal damage induced by tetanus toxin (TT;
1000 MLDs). Tetanus toxin was injected seven days earlier and only
the regions where the injections were made are shown. In the top
panel, neutralized tetanus toxin (N-TT 1000 MLDs equivalent) was
injected and no degeneration is evident. O = stratum oriens;
p = stratum pyramidale; r = stratum radiatum. Magnification 100 x .
Toluidine blue stain.

observed in our study have been described previously by other
groups (Mellanby et al., 1977; De Sarro et al., 1985). However,
prevention of these effects by an NMDA antagonist has never
been demonstrated before. Interestingly the inability of an
enhancer of GABAergic function to suppress the behavioural
effects has already been described. De Sarro et al. (1985) failed
to obtain any reversal in behaviour with sodium valproate.
The neuropathological effects of tetanus toxin under our
experimental conditions were limited to the area close to the
injection site which confirms the poor penetration of tetanus
toxin within brain tissue after its focal injection, as described
by Mellanby & Thompson (1977) using '?*Iodine-labelled
toxin. This has also been confirmed by an autoradiographical
study in which a significant reduction in GABA, receptor
binding sites has been observed in the CAl pyramidal cell
layer but not in other hippocampal regions, 7 and 10 days
after the focal application of tetanus toxin (Bagetta et al.,
1990). The neuronal population most vulnerable to the effects
of tetanus toxin appeared to be the pyramidal cells but other
experimental studies, such as detection of GAD-
immunoreactive neurones, are required. The effects of the
toxin were time- and dose-dependent although the dose-
response curve appeared to be very steep. The minor behav-
joural effects observed with 500 MLDs indicated that the
toxin had exerted some effect but this was insufficient to
produce neurotoxicity. If, as we suspect, the neurotoxicity
results from an unopposed action of excitatory transmitter, a
major reduction in GABA release would be required. Thus
partial inhibition might be expected to produce some behav-
ioural changes without allowing the threshold for glutamate
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toxicity to be achieved. This idea is also supported by electro-
physiological evidence indicating that tetanus toxin blocks
inhibitory transmission (mainly GABAergic) at the presynap-
tic level, leaving unaffected the excitatory input within the
CNS (Curtis & De Groat, 1968; Curtis et al., 1973; Davies &
Tongroach, 1977; Calabresi et al., 1989) and in foetal mice
dissociated spinal cord neurones (Bergey et al., 1987). The
doses of tetanus toxin used in our experiments were smaller
than that (104 LD4,) producing 40% inhibition of K *-evoked
GABA release in hippocampal slices (Collingridge et al., 1981)
but similar to those used for producing an excitatory focus in
the same region (Mellanby et al., 1977; De Sarro et al., 1985).
In addition, the dose-dependency of the rate of the onset of
the tetanus toxin-evoked effects has been confirmed both in
vivo (Mellanby et al., 1977; De Sarro et al., 1985) and in vitro
(Bergey et al., 1987) although differences in the purity of
separate batches of toxin may invalidate such comparisons.
The most important aspects of the present study are that
tetanus toxin produced neuronal loss and that this could be
prevented by MK801. This suggests that excitatory amino
acid transmission might play an important role in the medi-
ation of the behavioural and neuropathological effects of
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Activities of endothelin-1 in the vascular network of the rabbit

ear: a microangiographic study
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Departments of Diagnostic Radiology and *Cardiology, University of Wales College of Medicine, Heath Park, Cardiff CF4 4XN

1 The effects of endothelin-1 on perfusion pressure and on arterial and venous diameters were examined
simultaneously in a rabbit isolated ear preparation perfused with physiological buffer. The effects of
hypoxia and inhibition of endothelium-derived relaxant factor (EDRF) activity on vascular responses to
endothelin-1 were also investigated.

2 Endothelin-1 was potent at increasing perfusion pressure (EDso, = 46.7 + 11.0pmol; R,,,. = 853
+ 5.3 mmHg). The potency and maximum reactivity were not significantly affected by hypoxia, inhibition
of EDRF activity with 50 uMm N-nitro-L-arginine methyl ester (NAME) or a combination of hypoxia and
NAME.

3 Endothelin-1 caused equipotent dose-dependent constrictions of the first four generations of arterial
branch vessels (G,—G,) but did not influence the diameter of the central ear artery except at high doses of
the peptide when ‘paradoxical dilatation’ was observed. The peptide was also equipotent at causing con-
striction of the smaller venous vessels (V,-V,) but did not affect the large veins (V).

4 Under conditions of hypoxia the potency of endothelin-1 was reduced in G, and G, was unaffected in
G, and the peptide did not significantly constrict either G, or G,. Hypoxia reduced the potency of
endothelin-1 in the smaller venous vessels (V;-V,), but conversely unmasked a marked constriction of the
large veins (V,), which was not observed under normoxic conditions.

5 NAME 50uMm abolished the vasodilator effects of acetylcholine in this preparation. Inhibition of
EDREF activity with NAME under normoxic conditions did not influence the constrictor activity of
endothelin-1 on the arterial or venous branch vessels. However, inhibition of EDRF activity under
hypoxic conditions prevented the reduction of potency of endothelin-1 as a constrictor of arterial and
venous branch vessels which occurred in hypoxia. In the presence of NAME endothelin-1 constricted V,
in both normoxia and hypoxia with equipotency but the maximum effect was greatest in hypoxia.

6 In conclusion, endothelin-1 is a powerful vasoconstrictor which acts with greater potency in veins than
arteries in the rabbit isolated ear. Although hypoxia does not influence pressor responses it nevertheless
alters the spatial pattern of vasoconstriction. In particular hypoxia unmasks constriction of the large veins
by endothelin-1. Constriction of these veins was also observed in the absence of EDRF in normoxia, but
to a much lesser degree so that the effect of hypoxia may only be partially due to reduced EDRF activity.

Hypoxia may therefore directly or indirectly increase the sensitivity of the main veins to endothelin-1.

Introduction

Endothelin-1 was the first characterized member of a family of
21 amino acid vasoactive peptides, termed the endothelins
(Yanagisawa et al., 1988). Endothelin-1 is a potent vasocon-
strictor, not only does it produce prolonged pressor responses
in the ganglion blocked rat (Yanagisawa et al., 1988) but also
it contracts isolated arterial and venous segments (D’Orleans-
Juste et al., 1988). Similarly the peptide increases perfusion
pressure in both isolated and in situ perfused resistance beds
(Hiley et al., 1989; Randall et al., 1989). Both Brain (1989) and
Fortes et al. (1989) have demonstrated that endothelin-1 con-
stricts microvessels (<40um). Endothelin-1 also constricts
larger pial arterioles (ca. 160 um) in piglets (Armstead et al.,
1989). In the rat mesentery the peptide constricts both arteri-
oles and venules (Fortes et al., 1989), moreover, in this vascu-
lar bed Warner (1990) has recently shown that endothelin-1 is
more potent, in terms of pressor responses, on the venous
compared to the arterial side. In contrast, in the hamster
cheek pouch the vasoconstriction to endothelin-1 is entirely
arterial (Brain, 1989). Using the technique of X-ray micro-
angiography (Griffith et al., 1987) we have examined simultan-
eously the actions of endothelin-1 on both large and small
arterial and venous vessels in the rabbit ear.

The activities of endothelin-1 are known to be influenced by
various factors. Warner et al. (1989) demonstrated that
endothelin-1 causes vasodilatation which is likely to be medi-
ated by endothelium-derived relaxing factor (EDRF). Thus

! Author for correspondence.

inhibition of EDRF activity or destruction of the endothelium
is associated with increased reactivity of the peptide in iso-
lated arterial resistance vessels (Randall et al, 1989) which
may be due to the loss of tonic EDRF or that released by
endothelin-1 itself. However, in the conscious rat pressor
responses to endothelin-1 are not augmented by treatment
with N®-monomethyl-L-arginine (Gardiner et al., 1989), sug-
gesting that in vivo other mechanisms may also operate. In the
present study we describe the actions of endothelin-1 in the
presence of N-nitro-L-arginine methyl ester (NAME), an
inhibitor of the synthesis of the nitric oxide component of
endothelium-derived relaxing factor (EDRF) (Moore et al.,
1990).

The activities of a variety of vasoconstrictors are known to
be augmented under conditions of hypoxia (Van Neuten &
Vanhoutte, 1980). Under such conditions the release of a dif-
fusible endothelium-derived vasoconstrictor has been demon-
strated (Rubanyi & Vanhoutte, 1985; Kwan et al., 1989). In
the pithed rat MacLean et al. (1989) have shown that the
potency of endothelin-1 as a vasoconstrictor in the intact mes-
enteric arterial bed is doubled in hypoxia produced by lower-
ing the ventilation volume. Also, Liu et al. (1989; 1990) have
demonstrated that global cardiac ischaemia, but not hypoxia,
increases the proportion of endothelin-1 binding sites in the
cardiac plasma membrane due to the movement of receptors
from the cytosol. In view of the possibility of hypoxic facili-
tation of vascular responses to endothelin-1 the activity of the
peptide was studied in the rabbit ear under hypoxic condi-
tions. The effects of hypoxia on vasomotor tone were also
considered in the resting preparation.
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Methods

Preparation of the rabbit ear vascular bed

Male New Zealand White rabbits (2-2.5kg) were killed by a
blow to the back of the head. An ear was removed and the
central artery cannulated (Portex PPS0 tubing). The prep-
aration was perfused at a rate of 2mlmin~! with Holman’s
solution (composition in mmol1~!: NaCl 120, KCl 5, CaCl,
2.5, NaH,PO, 1.3, NaHCO, 25, sucrose 10 and D-glucose 11).
The physiological buffer also contained 5% dextran (MW:
80000) and was gassed with either 95% O,/5% CO,
(normoxia) or 95% N,/5% CO, (hypoxia). The perfusion fluid
was maintained at 35°C.

Preparation of isolated central ear artery

The vascular bed was prepared as above. The connective
tissue and skin were dissected from the central artery by
cutting with a scalpel blade leaving less than 3 mm of tissue on
either side. A cut was made at the apex of the ear to allow
outflow of the perfusate. The ear was perfused with gassed
Holman’s solution and experiments were performed in the
same manner as those on the intact preparation.

Experimental protocol

The ear was positioned vertically in front of a 4 um microfocal
X-ray microscope. Following an equilibration period (1h)
microangiographs were taken of the resting preparations. The
exposure time was 15s at a kilovoltage of 30 kv. Radiographic
contrast was achieved by a 35s pulse of Omnipaque (iohexol,
300 mgiodine ml~ ') diluted 3 fold in the perfusion fluid. Use
of this agent is without significant influence on either vasomo-
tor tone or vascular responses during the period of X-ray
exposure (Griffith et al., 1988).

Endothelin-1 (0.1 pmol-1000 pmol) was injected into the
perfusion fluid in volumes of less than 30ul. The perfusion
pressure in the bed was measured by means of a pressure
transducer placed close to the inflow cannula. The pressor
response was maximal 110s after injection of the peptide, at
which time a microangiograph was taken as described above.
The plateau of the response was maintained for >5min and
was unaffected by the radiographic contrast medium.

In two sets of experiments the preparations were perfused
with gassed Holman’s solution containing 50uM NAME
throughout the experiments. In the experiments involving
hypoxia the perfusate was gassed with 95% N,/5% CO, for
the entire experiment. As in the normoxia experiments per-
fusate was removed via a syringe and oxygen tension was
determined by means of a blood-gas analyser.

In order to study the effects of NAME or hypoxia on the
endothelium-dependent vasodilatation to acetylcholine in the
whole ear preparation tone was established by addition of 5-
hydroxytryptamine and histamine to the perfusate to achieve
individual concentrations of 1uM. The vasodilator properties
of acetylcholine were assessed by bolus injections of the agent,
in volumes less than 30ul, in to the perfusion system. The
possibility that low doses of endothelin-1 caused inhibition of
established tone was examined in a similar manner. The effects
of NAME on responses to acetylcholine were examined by
addition of the agent after tone had been established, but
30min before experimental determinations. Following these
additions of acetylcholine, the possibility that 10mm L-
arginine reverses the effects of NAME was investigated by
addition of this amino acid to the perfusate 30min before
further doses of acetylcholine. The effects of hypoxia on relax-
ation to acetylcholine were tested in a similar manner except
the perfusate was gassed with 95% N,/5% CO, throughout
the experiment.

Quantitation

The microradiographs were analysed by a semi-interactive
image analysis system as previously described (Griffith et al.,
1987; 1988; 1989). A gold calibration grid was placed on the
surface of the ear to determine the magnification factor and
the radiographs were further magnified by means of an elec-
tronic image analysis system. The diameter of each vessel
studied was measured 4 times and the results averaged. The
vessels were classed sequentially according to their generation
of branching (arterial vessels: G,, the central artery, and
branch vessels G,, G,, G; to G,, the smallest observed
vessels; venous vessels: V,, a large vein, V,, V,, V, to V,, the
smallest vessel) (Figure 1).

Data and statistical analysis

All data are given as the mean + s.e.mean. Dose-response
curves for the pressor responses were analysed by fitting the
logistic equation:

R = _Ruax - A™
" EDgo™ + A™

where R is the increase in perfusion pressure, A the dose of
peptide, R,,,, the maximum pressor response, n, the slope
function and ED;, the dose of peptide giving the half
maximal response.

A modified Marquardt procedure, as implemented in the
Harwell routine VBO1A on a mainframe computer, was used
to carry out the curve fitting (Aceves et al., 1985).

The potency of endothelin-1 at changing vessel diameters is
expressed as the EDjonpy, Which is defined as dose of the
peptide giving the half maximal reduction in diameter. The
maximum diameter change was taken to have occurred at the

Figure 1 A high resolution angiograph of the resting rabbit ear per-
fused with oxygenated Holman’s solution containing radiographic
contrast medium (Omnipaque). The arterial and venous vessels are
labelled according to their generation of branching.



dose giving the maximum pressor (MP) response in the intact
ear. ED;qyp) values for the effects of the peptide on vessel
diameter were determined for each generation in each prep-
aration. The computer derived parameters, the EDgqp
values for the diameter changes, the absolute diameter
changes and perfusion pressures were compared by one way
analysis of variance.

Drugs

All of the solutions, except those of endothelin-1 were pre-
pared on the day of the experiment. N-nitro-L-arginine methyl
ester, L-arginine hydrochloride, histamine dihydrochloride,
and 5-hydroxytryptamine as creatine sulphate complex (all
from Sigma Chemical Company, Poole, U.K.) were dissolved
in saline and then diluted to the required concentrations in
the Holman’s solution. Omnipaque (Nycomed, UK.) was
diluted in the perfusion fluid. Acetylcholine chloride (Sigma)
was dissolved in saline.

Endothelin-1 was obtained from the Peptide Institute,
Osaka, Japan, via Scientific Marketing Associates, London
and was initially dissolved in distilled water to give 100uM
solution. The 100 uM stock solutions were stored as 100l ali-
quots at —20°C until the day of the experiment when it was
diluted to the required concentration and kept on ice.

Results

Pressor responses to endothelin-1 in the isolated perfused
ear vascular bed of the rabbit

In control preparations endothelin-1 (0.1-300 pmol) produced
dose-related increases in perfusion pressure (Figure 2a) which
lasted for 10-30min before returning to baseline (n = 6-11).
The dose-response curve was described by an EDs, of
46.7 + 11.0pmol, the maximum calculated increase in per-
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fusion pressure was 85.3 + 5.3 mmHg and the slope function
was 1.2 + 0.1 (n = 6-11). Throughout the experiment the
resting perfusion pressure was 35.8 + 3.5 mmHg.

Effects of endothelin-1 on arterial and venous vessels
diameters

In the intact preparation endothelin-1 (0.1-300 pmol) did not
alter the diameter of the central artery (G,) except at doses
above 60 pmol where a dilatation was observed (Figure 3a).
The maximum diameter observed (916 + 81 um) occurred at
100pmol and was significantly (P < 0.05) greater than the
resting diameter (662 + 47 um).

In the isolated central artery preparation the diameter of
G, was not significantly altered by the peptide (0.3-300 pmol;
n = 5-7). The resting diameter was 486 + 16 um and was not
significantly different from that at the highest dose
(563 + 84 um).

Dose of endothelin-1 (pmol)

Figure 2 Pressor responses to endothelin-1 in the isolated perfused
ear preparation of the rabbit under normoxic or hypoxic conditions in
the absence (a) and presence (b) of N-nitro-L-arginine methyl ester
(NAME). (a) The control responses to endothelin-1 under normoxic
conditions are shown by ([(J; n = 6-11). () Represents the responses
to the peptide under hypoxic conditions (n = 9-19). (b) (OJ) Show the
responses to endothelin-1 in the presence of NAME under normoxic
conditions (n = 7-8) and (Il represent the responses in the presence
of NAME under hypoxic conditions (n = 4-10). The dose-response
curves were fitted as described in the Methods. The points show the
mean and the vertical lines show the s.e.mean.

In all of the arterial branch generations studied endothelin-
1 (0.1-300 pmol; n = 6-11) caused dose-related reductions in
diameter (Figure 3b). Table 1 shows that endothelin-1 was sta-
tistically equipotent as a vasoconstrictor in each arterial gen-
eration.

Table 1 EDyp, values for the reductions in arterial diameter in response to endothelin-1 in the rabbit isolated ear

Generation Normoxia Hypoxia

G, 393 +42 —
(10-30)

G, 46.5 + 12.7 214 + 5911+
(10-30) (30-60)

G, 309 + 8.1 135 + 38t+
(10-30) (10-30)

G, 16.5 + 6.1 34.2 + 12.0**
(3-10) (10-30)

Normoxia Hypoxia
+50uM NAME +50um NAME

409 + 100 56.8 + 9.9

(60-100) (10-30)

19.1 £ 5.5 53.3 +10.1
(10-30) (10-30)
217 +45 57.3 £ 145
(3-10) (10-30)

177 £ 7.7 309 + 6.3
(1-3) (3-10)

The values in parentheses indicate the thresholds for significant (P < 0.05) constriction. The values are in pmol and the ED o) are
given as mean + s.e.mean, the n values for each ED;qp values are contained in Figure 3. ** Indicate significant intergeneration
differences (P < 0.01) in the ED 4y, value under the same experimental conditions; 1 (P < 0.01) and 1t (P < 0.001) indicate signifi-
cant differences in the four experimental groups for the EDqqp, value in any given group. NAME = N-nitro-L-arginine methyl ester.
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Figure 3 The arterial diameter changes induced by endothelin-1 in the rabbit ear preparation under (a) conditions of normoxia (ll; » = 6) and
hypoxia ([J, n = 6-10) in G,, (b) normoxic conditions in arterial branch vessels (n = 6-11), (c) hypoxic conditions in arterial branch vessels
(n = 6-8), (d) normoxic ((J; n = 6-8) and hypoxic (ll; » = 7-10) conditions in the presence of 50 uM N-nitro-L-arginine methyl ester (NAME) in
G,, (e) normoxic conditions in the presence of 50uM NAME in the arterial branch generations (n = 6-8) and (f) hypoxic conditions in the
presence of 50 um NAME for the arterial branch vessels (n = 7-10). In (b, c, e and f) the branch generations are represented by (A) G,, (A) G,,
(0O) G, and (W) G, . The C on the abscissa scales indicates the position of resting vessel diameter. The points show the mean diameters and the

vertical lines the s.e.mean.

Figure 4a shows that on the venous vessels endothelin-1
(0.1-300 pmol) did not alter the diameter of the large veins
(Vo) but did cause dose-related constrictions in the smaller
veins (V,-V,). The EDqp, values for these actions are given
in Table 2 and it can be seen that the peptide was equipotent
in each generation.

From the spatially averaged data for the actions of
endothelin-1 on the arterial and venous vessels the peptide
was significantly (P < 0.05) more potent as a constrictor in the
venous bed; EDsgnp values 33.3 + 7.7pmol (arterial) and
15.1 + 4.4 pmol (venous).

Effects of hypoxia and 50 ym NAME on
endothelium-dependent relaxations to acetylcholine

In normoxic control preparation the combination of 1um 5-
hydroxytryptamine and 1uM histamine increased perfusion
pressure by 103 + 21 mmHg. Acetylcholine (0.55-550 pmol)
caused dose-related relaxations of the established tone (Figure
5a). The dose-response curve for the relaxation was described

by an ED, = 66.6 + 13.8pmol and an R,,, =718 + 5.1%
(n = 5). Under these conditions endothelin-1 (0.1-10 pmol) did
not cause any relaxations of established tone (n = 4). Higher
doses of the peptide caused increases in perfusion pressure
which were not preceeded by dilator responses.

Under normoxic conditions inclusion of 50 uM NAME in
the perfusion fluid increased the established tone by
39.0 + 13.6mmHg and Figure 5a shows that relaxations to
acetylcholine (0.55-550 pmol; n =5) were completely abol-
ished. Inclusion of 10 mMm L-arginine in the perfusate appeared
to reverse the effects of NAME on the established tone by
causing a decrease in tone of 32.8 + 8.2mmHg, but did not
reverse the effects of the agent on the relaxations to acetyl-
choline (Figure 5a; n = 5).

Under conditions of moderate hypoxia (Pao, ca.
60 mmHg) the increase in tone induced by the combination of
5-hydroxytryptamine and histamine was 59.6 + 5.3 mmHg.
Under these conditions the potency of acetylcholine
(0.55 pmol-165nmol) was significantly (P < 0.001) reduced
compared to normoxia and was described by an EDg, of
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Figure 4 The venous diameter changes induced by endothelin-1 in the rabbit ear preparation under (a) normoxic conditions (n = 5-8), (b)
hypoxic conditions (n = 4-15), (c) normoxic conditions in the presence of 50uM N-nitro-L-arginine methyl ester (NAME) (n = 5-8) and (d)
hypoxic conditions in the presence of NAME (n = 7-10). In each graph V, is represented by (@) and the branch generations; (&) V,, (&) V,, (O)
V, and (M) V,. The C on each abscissa scale indicates the position of resting vessel diameter. The points show the mean diameters and the

vertical lines the s.e.mean.

1.68 + 0.26nmol (n=35) (Figure 5b). The R,,. was
82.5 + 6.4% and did not differ significantly from the value
obtained in normoxia.

Vascular responses to endothelin-1 in hypoxia

The resting arterial and venous calibres in hypoxia (Pao, ca.
60 mmHg) did not differ significantly from those in normoxia
(Pao, 500-600 mmHg) (Figures 3a,b,c and 4a,b). The basal

perfusion pressure in the intact bed was 42.6 + 3.1 mmHg and
Figure 2a shows that the pressor responses to endothelin-1
(0.1-1000 pmol; n =9-19) did not differ significantly from
those in normoxia and the dose-response curve was described
by the following parameters: EDg, = 54.8 + 16.9 pmol,
R,..x = 85.1 + 8. 7mmHg and ny = 1.0 + 0.2.

Compared to normoxia the potency of the peptide (0.3—
1000 pmol) at causing constriction of the arterial branch
vessels was significantly reduced in G, and G,, unaltered in

Table 2 ED,yp, values for the reductions in venous diameters in response to endothelin-1 in the rabbit isolated ear

Normoxia Hypoxia
Generation Normoxia Hypoxia +50um NAME +50uM NAME

Vo — 73.8 +21.1 39.3 + 134 325+93
(10-30) (10-30) (10-30)

\A 263 +9.5 83.2 + 17.8+t 36.3 + 119 26.7 + 4.5
(0.3-1) (1-3) (10-30) (10-30)

v, 124 + 3.5** 65.4 + 13.5t+ 336+ 88 404 + 5.6
(0.3-1) (30-60) (30-60) (10-30)

V, 15.3 + 3.2* 88.4 + 31.8% 351 + 127 439 + 85
(1-3) (30-60) (10-30) (30-60)

V. 6.5 + 1.6%** 137 + 42% 118 +25 403 + 6.6
(3-10) (30-60) (10-30) (10-30)

The values in parentheses indicate the thresholds for significant (P < 0.05) constriction. The values are in pmol and the ED s4qyp are
given as mean + s.e.mean; the n values for each ED 4y, value are contained in Figure 4. 1 (P < 0.05), +1 (P < 0.01) and tt1 (P < 0.001)
represent significant differences in an ED 4, value in one generation compared to the value in the same generation under different
experimental conditions. * (P < 0.05), ** (P < 0.01) and *** (P < 0.001) indicate significant differences between the ED 4o, value in any
given generation in normoxia compared to the value obtained either in normoxia plus N-nitro-L-arginine methyl ester (NAME) or

hypoxia plus NAME.
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Figure 5 The relaxation of established tone of acetylcholine (ACh) in
the isolated perfused ear of the rabbit. (a) Shows the relaxation to
ACh in the absence of N-nitro-L-arginine methyl ester (NAME) (@),
in the presence of 50uM NAME ([J) and in the presence of 50 um
NAME plus 10 mM L-arginine (), n = 5 in each group. (b) Shows the
relaxation to ACh in normoxia (ll; data taken from (a)) and hypoxia
(0O), n =5 for both groups. The dose-response curves were computer
fitted as described in the Methods. The points show the mean and the
vertical lines the s.e.mean.

G,, while in G, endothelin-1 did not cause significant
reductions in diameter (Figure 3b; Table 1). However, Figure
4b shows that in the venous circulation endothelin-1 caused a
marked and significant (P < 0.01) reduction in the diameter of
the large veins (V,) during hypoxia (from a resting value of
873 + 42 um to 343 + 98 um at the highest dose) which was
not observed in normoxia. While the peptide acted with equi-
potency in all venous generations the EDsq\p, values were
significantly increased in V, (P <0.01), V, (P <0.01), V,
(P <0.05) and V, (P < 0.05) compared to normoxia (n = 4-
15).

Effects of 50um NAME on vascular responses to
endothelin-1

Inclusion of 50 um NAME in the perfusion fluid did not influ-
ence either the resting vessel diameters (Figures 3a,d,e, and
4a,c) or the basal perfusion pressure in the intact bed
(39.7 + 3.9 mmHg). The pressor responses to endothelin (0.1-
300 pmol) were also unaffected by this treatment (n = 7-8), the
dose-response curve being described by 31.0 + 19.9 pmol
(ED,,), 100 + 26 mmHg (R,,,,) and 1.0+ 0.2 (n,) and is
shown in Figure 2b.

In the presence of NAME endothelin-1 (1-300 pmol) con-
stricted G,-G, (n = 6-8) with equipotency but caused dila-
tation of G, (Figure 3c). On the venous side the peptide
(0.3-300 pmol; n = 5-8) constricted all of the generations

including V,, with equipotency (Figure 4c). Under these condi-
tions the peptide caused a modest but significant (P < 0.050)
reduction in the diameter of V, from a resting value of
887 + 56 um to 648 + 69 um at 300 pmol endothelin-1. Tables
1 and 2 show that the EDyp Vvalues for each vessel, except
V,, did not differ from those found in the normoxic controls.

Effects of 50 um NAME and hypoxia on vascular
responses to endothelin-1

Hypoxia combined with inhibition of nitric oxide synthesis
did not influence the basal perfusion pressure
(38.8 + 8.3mmHg) or the resting arterial and venous dia-
meters (Figures 3a,d,f and 4a,d) compared to normoxic con-
trols. The pressor responses to endothelin-1 (0.1-300 pmol)
were similarly unaffected by the treatment, and the dose-
response curve (Figure 2b) was described by an EDg, = 56.8
+ 21.7pmol, R, =942 + 125mmHg and ny =10+ 0.1
(n =4-10). None of the parameters differed from those
obtained under control conditions.

Under these conditions endothelin-1 brought about
reductions in the diameters of G,, G,, G; and G, (n = 7-10),
acting with equipotency in each generation (Figure 3f; Table
1), and these values did not differ significantly from those
obtained under control conditions. Once again a dilatation
was observed in the central artery at the higher doses (Figure
3d). In the venous network the peptide constricted all of the
branch generations (Figure 4d; Table 2; n = 7-10). There was
also a significant (P < 0.001) constriction of V, from a resting
diameter of 1026 + 60um to 264 +93um at 300pmol
endothelin-1. However, the potencies of the peptide, relative to
those found under normoxic control conditions, were signifi-
cantly reduced in V, (P <0.01), V, (P<0.05) and V,
(P < 0.001).

Discussion

The results presented in this paper clearly demonstrate that
endothelin-1 is a potent vasoconstrictor in the rabbit isolated
ear, producing not only arterial but also venous constriction.
The technique of microangiography has allowed the first
quantitative, simultaneous examination of vascular responses
to endothelin-1 in arterial and venous vessels both large and
small. In the arterial side the peptide constricted all gener-
ations studied except G, where ‘paradoxical dilatation’ was
observed at high concentrations of endothelin-1. The peptide
was equipotent at causing vasoconstriction in all subsequent
arterial branch generations, although there was a trend for the
potency to increase with diminishing vessel size. This trend
became significant in hypoxia when the potency increased
progressively in consecutive generations from G, to G,. This
pattern of constrictor activity in all branch generations is
unusual for a vasoconstrictor in this preparation, as it has
previously been shown that reactivities to 1um 5-
hydroxytryptamine (Griffith et al., 1989) and 1um noradren-
aline (Griffith & Edwards, unpublished observations) are
greatest in G, and diminish progressively with vessel size
(Go > G, > G, > G;). The activity of endothelin-1 on the
venous network described here may also be considered
unusual as both S5-hydroxytryptamine and noradrenaline
apparently act only on arterial vessels in the bed (Randall,
Edwards & Griffith, unpublished observations). In the isolated
central artery preparation endothelin-1 was without activity
so that the ‘paradoxical dilatation’ observed in the G, in the
intact preparation is likely to occur secondary to overriding
vasoconstriction of ‘downstream’ branch vessels, which would
lead to increased intraluminal pressure and passive distension
of the central artery. It is of interest that the dilatation was
observed in the presence of NAME and thus occurs indepen-
dently of EDRF activity. This phenomenon has also been
shown to occur in this preparation in response to other con-
strictor stimuli such as haemoglobin (Griffith et al, 1987;
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1989), in the rat kidney in response to the a,-adrenoceptor
agonist methoxamine (Burton et al., 1989) and magnetic res-
onance imaging has shown that, in vivo, phenylephrine causes
passive distension of the rat carotid artery (Behling et al.,
1989). The lack of activity of endothelin-1 in the central artery
is unusual as endothelin-1 is known to constrict a variety of
large conduit vessels (Yanagisawa et al., 1988; D’Orleans-
Juste et al., 1988). The activity of endothelin-1 in the smallest
branches studied (G;—G,) confirms previous studies in which
endothelin-1 has been shown to be a potent constrictor of
smaller arterioles (Brain, 1989; Fortes et al., 1989).

In addition to arterial constriction endothelin-1 constricted
all of the venous vessels studied except V,. Indeed the
EDsomp) values, when spatially averaged for the arterial and
venous sides, demonstrate that the peptide was twice as potent
on the venous side. This agrees with studies on isolated seg-
ments of vascular tissue (D’Orleans-Juste et al., 1988) and in
the superior mesenteric bed of the rat (Warner, 1990). In this
latter preparation the maximum responses of the isolated
arterial bed to endothelin-1 are appreciably smaller than those
in the intact bed (ca. 20mmHg compared to ca. 80 mmHg;
Randall et al., 1989), and this is likely to reflect the appre-
ciable activity of the peptide on the smaller arterioles
(<60um) and venous vessels which are present only in the
intact preparation. Although endothelin-1 would appear more
potent on the venous vessels in the rabbit ear, the fractional
diameter changes were generally larger on the arterial side.
However, it should be noted that in this preparation the veins
are elliptical in shape with the long axis lying in the plane of
the ear so that constrictor responses may in fact be greater
than are actually implied by the diameter changes observed
(Griffith et al., 1988).

Recent studies have shown that, in common with other
vasoconstrictors, the activity of endothelin-1 is enhanced in
hypoxia (MacLean et al., 1989). In the present study the
pressor activity of the peptide in the intact bed was unaffected
by reducing the oxygen tension of the perfusate. However,
analysis of the diameter changes revealed that the actions of
the peptide are in fact influenced by oxygen tension. In
hypoxia the potency of endothelin-1 is markedly reduced in
all of the arterial branch vessels except G, and also venous
vessels. However, in the venous network the peptide caused a
profound constriction of the large veins (V,) which was not
apparent in normoxia, so that at the highest doses of
endothelin-1 there is a halving of diameter. Clearly this will
lead to increased pressure in the more proximal parts of the
venous network and the arterial network. This effect may
override vasoconstriction in the arterial vessels and thus
account for the accompanying reduction in the potency of the
peptide in G,—G; . The ability of venoconstriction to influence
arterial vasomotor tone is shown by the constrictor pattern of
angiotension II in this preparation. Angiotensin II has been
found to constrict all of the venous vessels in the intact ear
without any apparent effect on arterial diameters. However,
when the larger venous vessels are removed from this prep-
aration angiotensin II is able to cause pronounced arterial
constriction (Randall & Griffith, unpublished observations).
Similarly, Warner (1990) demonstrated that in an isolated
mesenteric venous preparation the pressor responses to angio-
tensin II, a selective venoconstrictor without dilator proper-
ties, were significantly greater than those produced when
injected into the intact mesenteric circulation. Moreover,
Warner showed that in the intact preparation, the pressor
responses to endothelin-1 were less than the arithmetical sum
of responses in the isolated arterial and venous preparations.
In the ear preparation the hydraulic coupling of the venous to
the arterial circulation may be further enhanced by the pre-
sence of numerous arterio-venous shunts (Bellman, 1953). The
possibility that hydraulic effects ‘downstream’ may influence
‘upstream’ vasoconstricton was shown by Gore (1972) who
found that maximum constrictor responses depended on
optimal wall stress. Hence pronounced venoconstriction in the
ear may alter wall stress in more proximal vessels in such a

way as to attenuate constriction. In the present context, the
enhanced reactivity of V, towards endothelin-1 in hypoxia
would thus appear to have important consequences for the
overall vascular responses of the bed.

In other vessels such hypoxic facilitation has been attrib-
uted to the production of a constrictor substance (Rubanyi &
Vanhoutte, 1985; Kwan et al., 1989). In the present study the
release of significant quantities of a direct constrictor in
response to hypoxia would appear doubtful as neither resting
vessels diameters nor basal perfusion pressures differed
between the conditions. It has also been shown that there is
impaired release of both agonist and tonically released EDRF
in hypoxia (Furchgott & Zawadzki, 1980; DeMey & Van-
houtte, 1983; Warren et al., 1989; Johns et al., 1989). The pos-
sible link between hypoxia and impaired EDRF release has
previously been demonstrated by Griffith et al. (1986) who
showed that inhibitors of mitochondrial respiration inhibit
EDRF synthesis or release. In the present study moderate
hypoxia caused a marked rightward shift in the dose-response
curve for the endothelium-dependent vasodilator effects of
acetylcholine. Other workers have shown that oxygen tensions
of 42mmHg can reduce endothelium-dependent relaxations in
isolated blood vessels (Johns et al., 1989) while Po, values of
15mmHg inhibit the release of EDRF from cultured endothe-
lial cells (Warren et al., 1989). These findings are consistent
with hypoxia impairing either the synthesis/release of EDRF
and/or the responsiveness of the vascular smooth muscle to
EDRF.

The impaired activity of acetylcholine as an endothelium-
dependent vasodilator in hypoxia confirms that the reduced
oxygen tension in hypoxia may reduce EDRF activity. It is
possible that this interference may have reduced the modula-
tor effect of tonic EDRF on vasoconstriction and thus enabled
endothelin-1 to constrict V, in hypoxia. However, in the pre-
sence of NAME and thus in the absence of EDRF activity the
constriction of V, was much less than found in hypoxia alone,
so that the augmented reactivity found in hypoxia cannot be
entirely secondary to impairment of tonic EDRF. Therefore it
seems likely that the greater constriction found in hypoxia is
largely due to increased sensitivity of the vascular smooth
muscle to endothelin-1, or due to the facilitatory effects of a
factor released by hypoxia. The former mechanism is known
to occur in the heart where ischaemia causes an increase of
endothelin-1 receptors in the plasma membrane (Liu et al.,
1989; 1990).

The influence of tonic EDRF in the main veins, as shown
by the modest facilitation of constrictor responses in V, in the
presence of NAME, is surprising in view of early studies
demonstrating that EDRF release was small in veins com-
pared to arteries (DeMey & Vanhoutte, 1982). However, in
sharp contrast to this, McGrath et al. (1990) have recently
shown in the rabbit that both the tonic release of EDRF, as
assessed by endothelium-dependent modulation of constrictor
responses to a-adrenoceptor agonists and EDRF release in
response to acetylcholine, are greater in veins than the corre-
sponding arteries.

In isolated mesenteric arterial preparations inhibition of
EDRF activity results in enhancement of pressor responses to
endothelins (Warner et al., 1989; Randall et al., 1989). This is
thought to be due to the loss of tonically released EDRF,
which may modulate vasoconstriction, or due to the loss of
EDREF release stimulated by endothelin-1 itself. However, in
the intact mesenteric circulation in vivo (Randall et al., 1989)
and in the conscious rat (Gardiner et al., 1989) inhibition of
EDRF does not augment pressor responses to endothelin-1.
In the ear preparation low doses of endothelin-1 did not cause
any relaxation of established tone and it would therefore
appear that in the ear endothelin-1 does not stimulate EDRF
release directly. Inhibition of EDRF in the ear did not
augment the pressor responses to endothelin-1 but did alter
the pattern of vasoconstriction and this is likely to reflect the
loss of tonic EDRF. It is of interest that NAME augmented
the tone established by 5-hydroxytryptamine and histamine
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which suggests that tonically released EDRF modulates con-
striction due to these agents. Furthermore, this apparent
inhibitory effect of NAME on tonically released EDRF was
reversed by L-arginine, whereas the effects of NAME on the
stimulated release of EDRF were not. This finding may
suggest differences in the synthetic mechanisms for tonic and
stimulated EDRF.

In conclusion, endothelin-1 is a potent vasoconstrictor of
both large and small branch arterial and venous vessels in the
rabbit ear. In this respect the peptide is more potent on the
venous compared to the arterial vessels. In the arterial vessels
endothelin-1 is equipotent as a vasoconstrictor in all branch
generations. Under conditions of hypoxia the net pressor
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Negative inotropic effects of disopyramide on guinea-pig

papillary muscles

!Noriaki Kondo, Masami Mizukami & 2Shoji Shibata

Department of Pharmacology, University of Hawaii, School of Medicine, Honolulu, Hawaii 96822, U.S.A.

1 The inhibitory effects of disopyramide on electromechanical responses were investigated in guinea-pig
papillary muscles driven by electrical stimuli. Disopyramide up to 10~ ° M did not cause a negative inotro-
pic effect, while the maximum upstroke velocity of the action potential (dV/dt,,,) was significantly
decreased.

2 At higher concentrations, this drug dose-dependently inhibited the contraction, and dV/dt,,, was
further decreased. This inhibition of contraction was accompanied by a depression of the slow action
potential in partially depolarized preparations by increasing [K *], (26 mm).

3 In preparations pretreated with nifedipine (10 °M) and ryanodine (10 M), the contraction was
almost completely inhibited. In such preparations, ouabain (2 x 10~®M) markedly increased the contrac-
tion, probably through the Na*-Ca?* exchange mechanism. This contraction was inhibited by dis-
opyramide above 10~ ® M, and an almost complete inhibition was caused at 3 x 10~ 5M.

4 A similar inhibitory effect was observed on the contraction increased by the lowering of [Na*],
(36 mm).

5 These results suggest that disopyramide at high concentrations inhibits Ca influx through slow Ca?*
channels and at low concentrations, it reduces the contraction increased through the Na*-Ca?* exchange
mechanism. Disopyramide had a greater effect on cardiac contractility mediated by the Na*-Ca%*

exchange mechanism.

Introduction

Disopyramide is a widely used class 1A antiarrhythmic drug
with a pharmacological profile of action similar to that of
quinidine and procainamide (Campbell, 1986). Disopyramide
decreases the rate of diastolic depolarization during phase 4 of
the action potential decreases the upstroke velocity of phase 0
of the action potential and prolongs the duration of the action
potential and the refractory period (phases 2 and 3). In addi-
tion, a negative inotropic effect of disopyramide has been
identified in animal experiments (Nayler, 1979; Walsh &
Horwitz, 1979; Abdollah et al., 1984; Beltrame et al., 1984)
and has been detected by echocardiography (Martin et al.,
1980; Pollick et al., 1982; Holt et al., 1983), radionuclide angi-
ography (Wisenberg et al., 1984) and during cardiac catheteri-
sation (Thadani et al., 1981) in normal volunteers. In some
haemodynamic studies on patient groups, the effects of dis-
opyramide on myocardial performance have been minimal
(Marrott et al., 1976; Sutton, 1976), but in patients with pre-
existing left ventricular function abnormalities, negative ino-
tropic effects are more marked (Hills et al., 1976; Jensen et al.,
1976; Sutton, 1976; Davies et al., 1979; Hulting &
Rosenhamer, 1979; Naqui et al., 1979; Scheinman et al., 1980;
Gottdiener et al., 1983; Greene et al., 1983; Marrott et al.,
1983; Cameron et al., 1984). However, the mechanisms of the
negative inotropic effects of disopyramide have not been clari-
fied. The present study was thus undertaken to assess the elec-
tromechanical effects of disopyramide on guinea-pig cardiac
muscle driven by electrical stimuli in order to clarify the mode
of its negative inotropic action.

Methods

Guinea-pigs weighing 250-300 g were killed following cervical
dislocation. The hearts were quickly removed and papillary
muscles, 2 to 3mm in length and less than 1 mm in diameter,

! Permanent address: Mitubishi Kasei Institute of Life Sciences,
Machida, Tokyo 194, Japan.
2 Author for correspondence.

were isolated from the right ventricles. These preparations
were then mounted in a tissue bath and superfused contin-
uously with Krebs-Ringer solution at 30°C, equilibrated with
95% O, and 5% CO,. The composition of the Krebs-Ringer
solution was as follows (mm): NaCl 120.3, KCl 4.8, CaCl, 1.2,
MgSO, - 7TH,0 1.3, KH,PO, 1.2, NaHCO, 24.2 and glucose
5.5 (pH 7.4). In some experiments the K* concentration of the
solution was raised to 26 mm by substituting KCl for NaCl on
an equimolar basis to inactivate the fast Na* channel, and
then [Ca2*], was also increased to 3.6mM to induce a suffi-
cient contraction at a driving frequency of 0.2Hz. In a low
Na* medium, the Na* concentration was reduced to 36 mm
by replacing the NaCl by choline chloride and atropine at
10~*wm was added. The preparations were driven constantly at
1 Hz unless otherwise specified. Pulses employed for stimu-
lation were 1.5ms in duration and three times the diastolic
threshold in intensity. Membrane action potentials were
recorded through glass microelectrodes filled with 3m KCl
(10-30MQ), and displayed on a storage oscilloscope
(Tektronix 7613). The contractile force was measured iso-
metrically through a force displacement transducer and dis-
played simultaneously with the action potential.

The following parameters were measured to assess the elec-
tromechanical performance of ventricular muscles: amplitude
of action potential (APA), maximum diastolic potential
(MDP), maximum upstroke velocity of action potential
(dv/dt,,,), duration of action potential from upstroke to 10,
30, 80% repolarization (APD,,, APD,, and APDg,), peak
developed tension (DT), and time to peak developed tension
(tPT).

Values were expressed as the mean + s.e. Statistical analysis
of measured parameters was performed by a paired ¢ test, and
P values of less than 0.05 were considered to indicate a signifi-
cant difference. More details on each procedure are given
under Results.

Results
Electromechanical effects of disopyramide

Effects of disopyramide on the contraction and membrane
action potential were examined in preparations driven at 1 Hz
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(Figures 1 and 2). Disopyramide at lower concentrations
(10~ "M to 10~ 5 M) had no apparent effect on the contraction,
whereas at higher concentrations (10™*M and 107 3M), it
inhibited the contraction in a dose-dependent manner (Figure
1, open symbols).

Disopyramide at 10"®M did not affect membrane action
potential. At 10~ %M, this drug significantly decreased the
maximum upstroke velocity of the action potential (dV/dt,,,,)
without affecting other parameters of the action potential,
such as action potential amplitude (APA), maximum diastolic
potential (MDP) and action potential duration from the ups-
troke to 10, 30 and 80% of repolarization (APD,,, APD,,
and APDy,) or the developed tension (DT) (Figure 2, Table 1).
At a higher concentration (10”*m), disopyramide caused a
negative inotropic effect and a shortening of time to peak
tension (tPT), while the parameters of action potential except
for dV/dt,,, were not affected (Figure 2, Table 1). At the
highest concentration used in the present experiments
(1073 m), the effects of disopyramide on DT, tPT and dV/dt,,,
were greater. A marked depression of the plateau phase of the
action potential which is characterized by a decrease in APA
and a shortening of APD;, and APDyg, was caused (Figure 2,
Table 1).

Electromechanical effects of disopyramide on high
K *-depolarized preparations

The effects of disopyramide were evaluated on preparations
depolarized by increasing [K*], to inactivate Na* channels.

1001

DT (%)

50 *

10 7 10°° 10°° 1074
Disopyramide (m)

Figure 1 The effects of disopyramide on the contractile force (DT) of
guinea-pig papillary muscles. The experiments were performed under
two different conditions: (Q) indicates the effect on preparations
driven at 1 Hz in a normal medium; (@) indicates that on a partially
depolarized preparation driven at 0.2Hz in high K* and high Ca?*
containing medium (26 mM K* and 3.6mmM Ca?*). Disopyramide was
applied for 15min. Each value is the mean of 6 experiments, vertical
lines show s.e. * Significantly different from control values (100%) at
P < 0.05.
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Figure 2 Electromechanical effects of disopyramide on papillary
muscles driven at 1 Hz in normal medium. Top trace shows dV/dt,,.,
middle trace shows the action potential and bottom trace shows
developed tension. (a) Control; (b), (c) and (d) disopyramide at 105,
10~* and 10~ 3 m was applied for 15 min, respectively.

In high K*-containing medium (26 mm), [Ca?*], was also
increased to 3.6mM to induce an apparent mechanical
response at a driving frequency of 0.2 Hz (Figure 3). In such
preparations, disopyramide at 10~ %M caused a slight but sig-
nificant increase in contraction (118 + 4.4% of control, n = 5)
(Figures 1 and 3). At higher concentrations (10™%M, 1073m)
however, the inhibitory effects of disopyramide were observed.
The present dose-dependence of its inhibitory effects was
similar to that observed in normal medium, although the
inhibitory effects of this drug were reduced in the modified
medium (Figure 1, open and closed symbols).

Under similar conditions (3.6mm [Ca2*], and 26mMm
[K*],), the membrane resting potential was depolarized to
nearly —50mV (Figure 3). In this preparation, the electrical
stimuli induced a slow action potential having a low upstroke
velocity (10-15 Vs~ 1), indicating nearly complete inactivation
of the fast Na* channels (Figure 3). Under the same condi-
tions, disopyramide at 10~ ®M prolonged the duration of this

Table 1 Effects of disopyramide on membrane action potential and the contraction of guinea-pig papillary muscles

tPT APA MDP dvydt,,,, APD,, APD,, APDy,

(ms) (mV) (mV) (Vs™1) (ms) (ms) (ms)
Control 146 + 1.4 122433 872+11  286+22  833+13  238+208 311+24
Disopyramide 105 M 140 + 1.4 120427  883+06 229+10*  104+14  253+25 331430
Disopyramide 10 ~*m 126 + 42*  112+58  878+06  117+10* 958+ 14  227+25  317+30
Disopyramide 10~ 3m 125+7.0% 883+19* 867+.97 236+8%  639+41 135+ 11* 201 + 16*

tPT: time to peak tension, APA: action potential amplitude, MDP: maximum diastolic potential, dV/dt,,,.: maximum upstroke velocity
of action potential, APD,,, APD,,, and APDy,: action potential duration from the upstroke to 10, 30, and 80% repolarization. Values
are mean + s.e. (n = 5) before and 10min after application of disopyramide. * Significantly different from the values of control at

P < 0.05.
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Figure 3 Electromechanical effects of disopyramide on partially
depolarized papillary muscles driven at 0.2 Hz. The preparations were
depolarized in high K* (26mm) and high Ca?* (3.6 mMm) containing
medium. (a) Control in this medium; (b), (c), (d) and (e) disopyramide
at 107,103, 10~* and 10~ 3w was applied for 15 min, respectively.

slow action potential with a slight increase in DT. Higher con-
centrations (107*M, 1073M) of disopyramide dose-
dependently inhibited the slow action potential and DT
(Figure 3).

Effects of disopyramide on preparations pretreated with
ouabain or low [Na], medium in the presence of
nifedipine and ryanodine

After blocking Ca?* influx through slow Ca?* channels and
internal Ca%" release by treatment with nifedipine and ryano-
dine, ouabain and lowering [Na], increased the contraction.
In such preparations, the effects of disopyramide were exam-
ined. The combined treatment with nifedipine (10~¢m) and
ryanodine (10~6m) markedly decreased DT (15.4 + 2.7% of
control, n = 10). In such preparations, ouabain (2 x 10~¢ M)
increased DT to 84.7 + 14.7% of control (n = 5). Under these
conditions, an additional application of disopyramide at
10~ 8™ caused a significant decrease in DT (76.8 + 4.1% of
DT before application of disopyramide), and at higher con-
centrations (10~7M-3 x 10~ 3m), this drug dose-dependently
inhibited DT (Figure 4, open symbols). At 3 x 107°M, DT
which was increased by ouabain was almost completely inhib-
ited. Similarly, the inhibitory effects of disopyramide (10~ 6m
3 x 1075m) were observed on DT increased by lowering
[Na*], to 36mmM in the presence of atropine (10™*m),
nifedipine and ryanodine at a driving frequency of 0.2Hz
(Figure 4, closed symbols).

1001

DT (%)
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—

108 1077 1078 10°° 1074
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Figure 4 Dose-response curve for dlsopyramlde under the influence
of ouabain (O) or low [Na*], (@) in the presence of mfedlpme and
ryanodine. In preparanons pretreated with nifedipine (10 6M) and
ryanodine (10~ M) for 30 min, ouabain (2 x 107°M) and ‘a low Na*
medium (36 mm) containing atropine (10~ M) were applied for 40 and
10min, respectively. Under these conditions, disopyramide was
applied for 15min. The developed tension (DT) before the application
of disopyramide is expressed as 100%. Each value is the mean of 5
experiments; vertical lines indicate s.e.

Discussion

In the present experiments, disopyramide caused a negative
inotropic effect in a relatively high concentration range (above
10~“*m). This negative inotropic effect of disopyramide was
accompanied by a depression of the slow action potential in
partially depolarized preparations. At the highest concentra-
tion used in the present study (10~ 3m), the action potential
plateau was markedly decreased with an almost complete
inhibition of contraction. These electrical responses inhibited
by disopyramide are mediated through the slow Ca?* inward
current. Therefore, the negative inotropic effect of this drug at
high concentrations may be attributed to the inhibition of
Ca?* influx through slow Ca%* channels. This is consistent
with a previous study on guinea-pig atrial preparations
(Hashimoto et al., 1979).

Disopyramide at much lower concentrations (10~8M-
3 x 1073 M) inhibited the contraction which was augmented
by ouabain in the presence of nifedipine and ryanodine. Since
in this experiment, Ca%* influx through slow Ca?* channels
was already blocked by nifedipine, this negative inotropic
effect is not due to inhibition of slow Ca%* channels by dis-
opyramide. The involvement of the internal Ca?* release
mechanism was also eliminated because this mechanism was
blocked by ryanodine. These results indicate that dis-
opyramide more effectively inhibits the nifedipine- and
ryanodine-insensitive contraction augmented by ouabain.

Ouabain has been thought to increase the contraction
through a Na*-Ca?* exchange mechanism (Reuter & Seitz,
1968 ; Sheu & Fozzard, 1982; Wasserstrom et al., 1983; Eisner
et al., 1984; Vassalle & Lee, 1984; Wier & Hess, 1984; Grupp
et al., 1985). Ouabain inhibits Na*-K* ATPase and results in
an accumulation of [Na*];. The increased [Na*], enhances
[Ca?*]; through the Na‘*-Ca’?* exchange mechanism and
contributes to an increase in the contraction. Furthermore,
under the present experimental conditions, Ca?* influx for
activation of contraction was directly mediated through the
Na*-Ca?* exchange mechanism, since other sources of Ca®*
for activation of contraction (Ca%* influx through slow Ca%*
channels and internal Ca?* release) were blocked by pretreat-
ment with nifedipine and ryanodine. A similar result has been
reported by Bers et al. (1988). These findings suggest that dis-
opyramide effects the contraction activated through the Na*-
Ca?* exchange mechanism.

This suggestion was also supported by the present experi-
ments in a low Na* medium containing nifedipine and ryano-
dine. A reduction of the Na* gradient across the cell
membrane by lowering [Na*], produces an increase in con-
traction through the Na‘*-Ca?* exchange mechanism
(Chapman, 1979; Sheu & Fozzard, 1982). The contraction
increased under these conditions was effectively inhibited by
disopyramide in much the same concentration-range as
observed in that increased by ouabain. Thus, a similar inhibi-
tory action of disopyramide was observed on the contraction
increased by two different procedures through the Na*-Ca?*
exchange mechanism, suggesting that the present inhibitory
action is also a common feature of the mechanical responses
through this exchange mechanism.

Disopyramide above 1073 M inhibited dV/dt,,,, indicating
that this drug inhibited the fast Na* channels, as reported
previously (Kojima, 1981; Campbell, 1986). However, this
action may not play a major role in the genesis of the present
negative inotropic effects of disopyramide for the following
reasons: (1) The concentration of disopyramide as an inhibitor
of the contraction increased by both ouabain and a low Na*
medium, was markedly different from that for decreasing
dV/dt,,. as an indicator of Na* channel activity; (2) even
after a decrease in dV/dt,,,, produced by replacing NaCl with
choline chloride, an inhibition of contraction by disopyramide
was observed; (3) the negative inotropic effect of this drug
was not substantially affected by complete inactivation of
Na* channels by depolarizing the resting potential in a high
K* containing medium.
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The present results suggest that disopyramide caused the
negative inotropic effects mediated through two different
mechanisms. In normal medium, disopyramide decreased the
contraction by inhibiting Ca?* influx through slow Ca2*
channels at high concentrations (above 10~4M), while at low
concentrations (10 78-3 x 10~ 3 m), this drug inhibited the con-
traction which was increased through the Na*-Ca?*
exchange mechanism by ouabain and a low Na* medium.
Thus, disopyramide is more useful in suppressing contraction
which is dependent on the Na*-Ca2* exchange mechanism.
Since triggered automaticity mediated by increased [Ca2*],
has recently received considerable attention as a possible
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Facilitation by 3,4-diaminopyridine of regenerative acetylcholine

release from mouse motor nerve

S.J. Hong & !C.C. Chang

Department of Pharmacology, College of Medicine, National Taiwan University, Taipei, Taiwan

1 Effects of 3,4-diaminopyridine (DAP) on endplate potentials (e.p.ps) were studied in mouse phrenic
nerve-hemidiaphragms.

2 In cut muscle preparations, low concentrations of DAP (2-20 uM) increased the amplitude of e.p.ps and
shifted the curve relating Ca2* concentration to e.p.p. amplitude leftward.

3 High concentrations of DAP (40-4000 um) prolonged the duration of e.p.ps dose-dependently up to
one hundred fold (ca. 200 ms), yielding, in addition to the normal phasic e.p.p., a prolonged plateau
depolarization component which was often preceded by an upstroke depolarization. During the plateau
depolarization, nerve stimulations did not evoke any e.p.p.

4 The plateau component of prolonged e.p.ps was suppressed by tubocurarine, verapamil, nifedipine,
Mn2* and Cd?* (but not by atropine) at low concentrations that had negligible effect on the amplitude of
miniature e.p.ps or the phasic component of e.p.ps. Abolition of the plateau component by these agents
restored the capability of the nerve terminal to evoke e.p.ps on nerve stimulation.

5 Low concentrations of neostigmine (0.01-0.02um) markedly lengthened DAP-prolonged e.p.ps.
However, the regenerative endplate depolarization evoked in the presence of high concentrations of neo-
stigmine (0.3—0.5 uM) was not prolonged by DAP.

6 Tetraethylammonium (1 mm) did not provoke prolonged e.p.ps but acted cooperatively with DAP to
prolong the duration of plateau depolarization. At a high concentration (3 mm), tetraecthylammonium
depressed the amplitude of miniature e.p.ps and abolished DAP-prolonged e.p.ps.

7 In uncut muscle preparations, DAP apparently did not modify the time course and amplitude of
miniature e.p.ps. Upon direct stimulation by current injection at endplate, DAP increased the muscle
action potentials by only about 30%, but induced no prolonged depolarization.

8 These results suggest that the prolonged e.p.ps induced in the presence of DAP are due to a regener-
ative release of acetylcholine from motor nerve and the induction probably involves a presynaptic Ca?*
channel different from that for normal e.p.ps. It may be inferred that the regenerative acetylcholine release

is recruited by Ca2* channels modulated by nicotinic receptors and K* channels.

Introduction

Aminopyridines are known to increase the amplitude of end-
plate potential (e.p.p.) and the effect is attributed to an
increase in the number of transmitter quanta released by each
presynaptic action potential (Lundh, 1979; Molgo et al., 1980).
This facilitatory effect of aminopyridines on transmitter
release is considered to result from an enhanced Ca’* entry
into nerve terminals (Lundh, 1978; Horn et al., 1979;
Simmons & Dun, 1984), either due to a direct enhancement of
Ca?* influx (Illes & Thesleff, 1978; Lundh, 1978; Rogawski &
Barker, 1983) or to an effect secondary to blockage of voltage-
dependent K* channels (Llinas et al., 1976; Yeh et al., 1976;
Bostock et al., 1981).

In the vertebrate neuromuscular junction (Lundh, 1978;
Katz & Miledi, 1979; Molgo et al., 1980) and the Torpedo
electric organ (Corthay et al., 1982; Muller, 1986), amino-
pyridines markedly potentiate and prolong the release of
acetylcholine (ACh) evoked either by a focal electrical depo-
larization of nerve terminals or by field stimulation. Histologi-
cal experiments reveal that transmissions of nerve impulses
in the presence of aminopyridines are accompanied by
the occurrence of endoexocytotic images in the presynaptic
membrane (Heuser et al, 1979) or by the appearance of
large presynaptic intramembrane particles (Garcia-Segura
et al., 1986). Perineural recordings from mammalian motor
nerve terminals also disclose that nerve stimulation leads to
production of Ca?* spike with prolonged profile when K*
channels are suppressed by aminopyridine and tetraethyl-
ammonium (Brigant & Mallart, 1982; Penner & Dreyer,

! Author for correspondence.

1986). Yet, the ACh release consequent to the provoked Ca?*
spike and the resulting postsynaptic responses have not been
well correlated. The purposes of the present experiments were
to explore the presynaptic effect of a wide concentration range
of 3,4-diaminopyridine (DAP), the most potent analogue of
aminopyridines, in mouse neuromuscular junction and to
investigate the effects of Ca2* channel blockers and cholino-
ceptor antagonists on the synaptic facilitation produced by
DAP in order to shed more light on the role of presynaptic
cholinoceptors and the Ca?* channel in modulating the
release of ACh. The blocking agents have been shown, at low
concentrations, to antagonize the regenerative release of ACh
evoked after inhibition of acetylcholinesterase (Hong &
Chang, 1989).

Methods

Phrenic nerve-hemidiaphragm preparations were isolated
from ICR mice (20-25 g) of either sex, bathed in Tyrode solu-
tion (composition in mMm: NaCl 137, KCl 2.8, CaCl, 0.1-54,
MgCl, 1.1, NaH,PO, 0.33, NaHCO, 11.9 and dextrose 11.2),
oxygenated with 95% O, plus 5% CO, and maintained at
37 + 0.5°C. The phrenic nerve was stimulated with rectangu-
lar pulses of 0.03 ms width at frequencies as indicated to evoke
single or trains of endplate potentials (e.p.ps).

Intracellular recordings of miniature e.p.ps (m.e.p.ps) and
muscle action potentials in uncut preparations and evoked
e.p.ps in cut muscle preparations were carried out by conven-
tional techniques by use of glass microelectrodes filled with
3M KCl (resistance 3-10 MQ). The potentials were registered
with a high impedance amplifier in d.c.-coupled mode and
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hardcopied with an electrostatic or a waveform recorder
(GOULD). Muscle action potentials were evoked by injec-
tions of currents into the endplate and non-endplate areas for
Sms by use of a current clamp amplifier with capacitance
compensation (DAGAN).

All data are expressed as mean + s.e.mean of recordings
obtained from more than 15 endplates from at least 3 prep-
arations. Differences between group means were analysed by
Student’s ¢ test. Atropine, neostigmine bromide, tubocurarine
chloride, tetraecthylammonium chloride (TEA), verapamil
hydrochloride, nifedipine, MnCl, and CdCl, were purchased
from Sigma (U.S.A.). DAP was supplied by Koch-Light
Laboratory (U.K.). All these chemicals, alone or in com-
bination did not change muscle resting membrane potentials
by more than 3mV. Nifedipine was dissolved in dimethyl-
sulphoxide and protected from light. The final concentration
of dimethylsulphoxide in the organ bath was kept below 0.1%
in order to avoid an effect of the vehicle.

Results

Effects of 3,4-diaminopyridine on amplitude of e.p.ps

In Tyrode solution containing normal Ca?* concentration
(1.8 mm), DAP at 5uM increased e.p.p. amplitudes by about
80% and a nearly maximal (125%) augmentation was
obtained after treatment with 40 um DAP (Table 1). Increasing
DAP up to 4000 uMm did not further increase the e.p.p. ampli-
tude. This augmentation of e.p.p. amplitude was observed at
Ca?* concentrations ranging from 0.1 to 5.4mm (Figure 1).
Upon repetitive stimulation at 50 Hz or higher, the amplitudes
of all successive e.p.ps were increased and well maintained in
the presence of low concentrations (5-20 um) of DAP (Figure
2). The average amplitude of the 21st to 40th e.p.ps relative to
that of the first e.p.p. in the same train was 83 + 3% in control
while that after 5 um DAP was 70 + 4% (P < 0.05). The mean
amplitude of these e.p.ps, compared with that of control, was
increased by 58 + 5%, suggesting that in the presence of DAP
mobilization of neurotransmitter was elevated. However, with
higher concentrations of DAP the pattern of a train of e.p.ps
differed markedly from that of control as described in the next
section.

Effects of 3,4-diaminopyridine on duration of e.p.ps

The duration of e.p.ps was not significantly changed by DAP
at concentrations lower than 20 um. On increasing the concen-
tration of DAP to 204000 uM, endplate depolarizations in
response to single pulses to the phrenic nerve were prolonged

Table 1 Effects of 3,4-diaminopyridine (DAP) on the ampli-
tude and duration of endplate potentials (e.p.ps) in cut dia-
phragm preparations

Treatment E.p.ps
(um) Amplitude (mV) 70% duration (ms)
Control 89+1.0 25403
DAP
2 11.2+13 24 +02
5 162+ 1.2 34+03
20 1727+ 13 6.0 +09
40 184 + 1.2 20+ 4
200 192+ 1.5 46 + 8
400 196 + 1.3 59+7
4000 207+ 19 216 + 35
TEA
1000 123 + 1.1 29 +04
3000 11.3+13 41+09

E.p.ps were elicited with single pulses. The amplitude of
e.p.ps was the mean from 3 preparations each with 8-10 end-
plates. The resting membrane potentials were in the range of
—40to —46mV.
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Figure 1 Effects of 3,4-diaminopyridine (DAP) and tetra-
ethylammonium (TEA) on the amplitude of endplate potentials
(e.p.ps) of cut diaphragm preparations. E.p.ps were evoked at 0.66 Hz
in the absence (O) or presence of DAP (5uM, @) or TEA (1 mM, A).
No e.p.p. was evoked at 0.1mm [Ca2*], if preparations were not
treated with drugs. Vertical lines show s.e.mean.

in a dose-dependent manner (Table 1). At 4000 um DAP, the
highest concentration tested, the 70% duration of the e.p.p.
was about 200 ms, being one hundred times the normal e.p.ps.
However, the prolonged e.p.ps had a shape different from
normal e.p.ps and appeared to be composed of three com-
ponents: a phasic peak depolarization like normal e.p.ps, fol-
lowed by a plateau or rebound depolarization component
which might be preceded with an upstroke depolarization
(Figures 3 and 4). The duration and magnitude of the plateau
were a function of DAP concentrations. During the plateau,
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Figure 2 Effects of 3,4-diaminopyridine (DAP) on the patterns of
e.p.ps elicited by a train of pulses. E.p.ps were evoked from the same
endplate of —46mV at 100 Hz in the absence (a) or presence of 5 (b)
or 20 (c) um DAP
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Figure 3 Effects of high concentrations of 3,4-diaminopyridine
(DAP) on the duration of endplate potentials (e.p.ps). E.p.ps were
evoked from the same endplate of —44mV by single pulses (a,b,c) or,
in addition, 150ms later by a train of 14 pulses at SOHz (d) in the
absence (a) or presence of 400 (b) or 4000 (c,d) um DAP. Note the
failure and reappearance of e.p.ps in (d). Calibrations were 2.5mV and
10ms (a) or SmV and 100 ms (b—d).

nerve stimulations were no longer able to convey e.p.p. which
recovered as the membrane potential repolarized (Figure 3d).
These prolonged depolarizations were non-propagative and
could only be registered within the endplate area. In addition,
during the decay phase of prolonged depolarizations, the
recorded membrane potential showed increased noise. Some-
times spontaneous repetitive e.p.ps with reduced duration
were triggered by a single stimulation when the concentration
of DAP reached 200 um (Figure 4). These repetitive depolar-
izations could persist for several minutes and might not be
accompanied by a plateau component if the discharge rate
was greater than 2s~!. They were not abolished by tubocu-
rarine (1 uM) or Mn?* (1.5mm), though both agents sup-
pressed the peak amplitude and restored the prolonged e.p.ps

—
o

_ﬁ

Figure 4 Effects of 3,4-diaminopyridine (DAP) on the spontaneously
generated endplate potentials (e.p.ps). The phrenic nerve was stimu-
lated only once in the presence of 2000 uM DAP. In (b) the time scale
was expanded to illustrate the upstroke (1) of the pulse-evoked pro-
longed e.p.p. The resting membrane potential was —42mV. Cali-
brations were 5SmV and 100 (a) or 5 (b) ms.
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to a normal time course (see below), suggesting that the repeti-
tive discharges are presynaptic in origin and not subordinate
to plateau depolarization.

Effects of 3,4-diaminopyridine on m.e.p.ps and muscle
action potentials

Within the concentration range of DAP tested, neither the
amplitude nor the 70% duration of m.e.p.ps was significantly
altered. The amplitudes before and after treatment with
4000 um DAP were 1.4 + 0.3 and 1.6 + 0.4mV, and the 70%
durations 1.8 + 0.3 and 2.1 + 0.3ms, respectively. The fre-
quency of m.e.p.ps was approximately doubled by this high
concentration of DAP (3.1 + 0.5 vs 1.4 + 0.3s™!). The dura-
tion of muscle action potentials, elicited directly by current
injections, was not altered after 40 um DAP, and was increased
by only 31+ 6% after 4000umM DAP (0.83 + 0.08 vs
0.63 + 0.06 ms). These results indicate that the prolonged
e.p.ps cannot be due solely to a direct postsynaptic effect pro-
duced by DAP on K*, Ca2* or ACh ion channels.

Effects of cholinoceptor antagonists on prolonged e.p.ps

The nicotinic receptor antagonist tubocurarine at very low
concentrations (0.025-0.075 um), which were only 1/10-1/4 of
its dissociation constant, dose-dependently shortened the
duration of DAP-prolonged e.p.ps with no apparent effect on
the peak amplitude (Table 2). The 70% duration of prolonged
e.p.ps was decreased 75% by 0.075 uM tubocurarine, whereas
the associated membrane noises were only slightly suppressed
(Figure 5). Shortening of prolonged e.p.ps by tubocurarine
was due mostly to deletion of the plateau component. The
upstroke component appeared more resistant to tubocurarine.
On repetitive stimulation, e.p.ps with normal duration could
be elicited in the presence of tubocurarine as soon as the pro-
longed e.p.p. faded (Figure 5c). This result together with that
in Figure 3d indicate that nerve action potential is unable to
provoke transmitter release during the plateau depolarization.

Atropine, at a concentration (1-3um) sufficient for the
blockade of muscarinic receptors, did not change the ampli-
tude or duration of either normal e.p.ps or prolonged e.p.ps.

Table 2 Effects of tubocurarine, verapamil, Mn?* and tetra-
ethylammonium (TEA) on the amplitude and duration of
endplate potentials (e.p.ps) evoked in the presence of 3,4-
diaminopyridine (DAP)

Treatment E.p.ps

(um) Amplitude (mV) 70% duration (%)
DAP 4000 207+ 19 100

+ Tubocurarine

0.01 213+ 19 82 + 4*
0.025 19.6 + 1.6 58 + 4*
0.05 206 + 1.7 33+4*
0.075 198 +£23 24 + 4*
+ Verapamil

1 192+ 15 53 + 3*
3 204 +20 46 + 3*
10 185+ 1.6 27 + 1*
+Mn2?*

250 193+ 1.7 57 + 5*
500 17.8 + 5.7 44 + 4*
750 169 + 1.5* 30 + 3*
+ TEA

1000 19.1 £ 20 188 + 8*
3000 182+ 14 34 + 3%

E.p.ps were elicited with single pulses. The duration of e.p.ps
is presented as % of that in the presence of 4000um DAP
alone which was 207 + 37 ms. The resting membrane poten-
tials of the lowest and highest groups were 43.1 + 1.4 and
46.2 + 2.2mV, respectively.
* P < 0.05 vs DAP control.
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Figure 5 Effects of a low concentration of tubocurarine on 3,4-
diaminopyridine (DAP)-induced prolonged e.p.ps. E.p.ps were evoked
from the same endplate of —44 mV by single pulses (a,b) or by a train
of pulses at S0Hz (c) in the presence of 4000 um DAP alone (a) or, in
addition, with 0.1 um tubocurarine (b,c).

Hence, participation of muscarinic receptors in the generation
of prolonged e.p.ps seems unlikely. At higher concentrations,
tubocurarine (0.2-2uM) and atropine (30-100uM) depressed
the amplitude of e.p.ps and abolished the plateau component
of prolonged e.p.ps.

Table 3 Effects of neostigmine and 3,4-diaminopyridine
(DAP) on the amplitude and duration of endplate potentials

(e-p-ps)

Treatment E.p.ps

(um) Pulse mode Amplitude (mV) 70% duration (ms)

DAP

0 N 89+10 25403

200 S 192+ 1.5 46+ 8

4000 S 207+ 19 216 + 35

Neostigmine

0.01-0.02 ST 119 + 1.1 41+ 0.6

0.3-0.5 S 145+ 1.3 149 +23
T 19.8 + 2.1* 945 + 69*

DAP 200

+ Neostigmine

0.01-0.02 S 199 + 20 491 + 53

0.3-0.5 S 213+ 19 1042 + 85

DAP 4000

+ Neostigmine

0.01-0.02 S 204 +23 807 + 68

0.3-0.5 S 212422 1153 + 96

E.p.ps were evoked either with single pulses (S) or at 100 Hz
with a train of 3—-10 pulses (T). The resting membrane poten-
tials was 45.2 + 1.9mV (without DAP) and 457 + 2.1mV
(with DAP).

* Values from regenerative depolarizations induced by a train
of 5-10 pulses at 100 Hz.

Effects of Ca** channel blockers on prolonged e.p.ps
Verapamil, an organic Ca%* channel blocker, at low concen-
trations (1-10 um) which exerted no obvious depressant effect
on e.p.p. amplitudes either in the absence or presence of DAP,
shortened DAP-prolonged e.p.ps dose-dependently (Table 2).
As in the case of tubocurarine, shortening was due to abbre-
viation of the plateau component, which could be abolished
by high concentrations of verapamil (30-100 uMm). The effect of
nifedipine, a dihydropyridine analogue of L-type Ca’*
channel blockers, on prolonged e.p.ps was similar to that of
verapamil but it was about 3 times less potent.

Manganous ion, an inorganic Ca?* channel blocker, short-
ened prolonged e.p.ps concentration-dependently at 250-
750 um (Table 2). These concentrations of Mn?*, in contrast
to the aforementioned blocking agents, also depressed the
amplitude of normal e.p.ps by 15-60%. However, the phasic
component of DAP-prolonged e.p.ps was less affected by
Mn?* (Table 2). When the concentration of Mn?* was raised
to 1.5mwm, prolonged e.p.ps could no longer be elicited even
after repetitive nerve stimulations. These effects of Mn2* were
not due to the block of cholinoceptors since the amplitude of
m.e.p.ps was not changed (1.7 + 0.3 vs 1.3 + 0.3mV). Cd?*
had a similar effect to Mn2* on prolonged e.p.ps but was
about 10 times more potent.

Interaction between 3,4-diaminopyridine and
tetraethylammonium

Since DAP blocks certain types of K* channels (Cook, 1988),
another K* channel blocker, TEA was investigated to see if
the prolonged e.p.p. was a generalized phenomenon after
blockade of K* channels. TEA 0.3-3mM increased the ampli-
tude of the e.p.p. and shifted the curve relating [Ca2*], to
e.p.p. amplitude leftward (Figure 1). In this respect, TEA was
less potent and less efficacious than DAP. At 3mMm, TEA
slightly increased the duration of muscle action potential to
0.85 + 0.09 ms, an effect comparable to that after 4mm DAP.
However, the duration of the e.p.p. was increased at the most
from 2.5 + 0.3 to 4.1 + 0.9 ms (Table 1) and no sign of pro-
longed endplate depolarization, similar to that produced after
DAP, was observed even with repetitive nerve stimulation at
20-200 Hz. Since TEA at 3 mMm exhibited a significant cholino-
ceptor blocking action, as reflected by about a 35% suppres-
sion of m.e.p.p. amplitudes (0.9 + 0.2 vs 1.3 + 0.2mV), higher
concentrations of TEA were not studied. Although TEA itself
did not provoke a prolonged e.p.p., TEA at 1mm acted
cooperatively with DAP to prolong e.p.ps (Table 2). At a
higher concentration (3 mm), TEA abolished the plateau com-
ponent of DAP-prolonged e.p.ps. The amplitude of single
e.p.ps in the presence of DAP was not augmented by TEA
(Table 2).

Interaction of 3,4-diaminopyridine with neostigmine

Previously, we had shown that a regenerative ACh release
could be elicited in mouse phrenic nerve by a train of pulses
(not single pulses) when endplate acetylcholinesterase was inac-
tivated (Chang & Hong, 1986; Hong & Chang, 1989). The
70% duration of endplate depolarizations resulting from this
regenerative ACh release lasted for about 1000 ms. To study
the effect of enzyme inhibition on DAP-prolonged e.p.ps,
preparations were first treated with a low concentration (0.01-
0.02 uM) of neostigmine, which increased the duration of single
e.p.ps from 2.5 + 0.3 to 4.1 + 0.6 ms but provoked no regener-
ative ACh release even with 250 Hz of repetitive pulses. After
this pretreatment, the duration of DAP-induced prolongation
of e.p.ps was remarkably increased by 3 to 10 fold, whereas
the peak amplitude was not increased (Table 3). This syn-
ergistic effect between neostigmine and DAP on the e.p.p.
duration appeared to saturate at high concentrations of neo-
stigmine (0.3-0.5 um), after which DAP did not further prolong
the e.p.p. duration (Table 3).



Discussion

In addition to confirming the presynaptic facilitatory effect of
diaminopyridines on transmitter release (Thesleff, 1980), the
present experiments disclosed that DAP caused, dose-
dependently, a prolonged plateau depolarization following the
regular phasic e.p.ps. Since DAP does not alter cholinesterase
activity (Bowman et al., 1977), postsynaptic cholinoceptor
sensitivity (Harvey & Marshall, 1977) and the m.e.p.p. ampli-
tude, the prolonged e.p.ps in the presence of DAP may be
regarded as a postsynaptic expression of sustained release of
ACh triggered by single pulses. That the prolonged e.p.ps are
not the result of inhibition of muscle K* channel and/or acti-
vation of muscle Ca2* channel is evident, since the muscle
action potentials elicited by intracellular current injections
were not associated with such prolonged depolarization.
Moreover, the prolonged e.p.ps had a quick induction time
(less than 10 ms) compared with the slow rise time (150 ms) of
muscle Ca2* action potentials or currents that were revealed
after blockade of K* channels (Chiarandini & Stefani, 1983;
Cognard et al., 1988). This short induction time also precludes
a dramatic build up of K* in the synaptic cleft as a cause of
sustained ACh release. The finding that shortening the pro-
longed e.p.ps by tubocurarine at very low concentrations, did
not suppress m.e.p.ps indicates that prolonged e.p.ps are due
neither to cumulative K* efflux from the postsynaptic site nor
to an artifact of possible local endplate contraction. On the
other hand, the prolonged e.p.ps cannot be accounted for by
repetitive spontaneous neuronal discharges (Lundh, 1978;
Heuser et al., 1979; Riker et al, 1985; Perreault & Avoli,
1989), since in the present experiments the spontaneous dis-
charges were resistant to inhibition by tubocurarine, verapa-
mil and Mn2* while the prolonged e.p.ps were very sensitive.
It has been shown that tetrodotoxin does not interfere with
the induction of prolonged postsynaptic potentials observed
in frog nerve-muscle junction (Katz & Miledi, 1979; Molgo et
al., 1980) and in Torpedo electric organ (Muller, 1986), sug-
gesting that Na* channel activation is not involved.

There are many similarities between the prolonged e.p.ps
induced by DAP and the regenerative ACh release induced
after inhibition of acetylcholinesterase (Chang & Hong, 1986;
Hong & Chang, 1989). An upstroke after the phasic endplate
depolarization and the prolonged plateau are the two distinc-
tive characteristics. In both cases, additional nerve stimulation
did not further prolong the duration and evoked no ‘e.p.p.
during the plateau component of prolonged depolarization.
Moreover, the prolonged e.p.p. as well as the regenerative
release were shortened by low concentrations of nicotinic (but
not muscarinic) receptor antagonists and organic Ca’*
channel blockers; these concentrations did not suppress the
amplitudes of e.p.ps and m.e.p.ps. The prolonged e.p.ps and
regenerative release of ACh may share some common
mechanism(s) in causing sustained release of ACh. Since the
duration of prolonged e.p.ps induced after DAP lasted for a
shorter time (200 vs 1000 ms) and was more vulnerable to the

References

BOSTOCK, H., SEARS, T.A. & SHERRATT, R.M. (1981). The effects of
4-aminopyridine and tetraethylammonium ions on normal and
demyelinated mammalian nerve fibres. J. Physiol., 313, 301-315.

BOWMAN, W.C, GIBB, A.J, HARVEY, A L. & MARSHALL, 1G. (1986).
Prejunctional actions of cholinoceptor agonists and antagonists
and of anticholinesterase drugs. In New Neuromuscular Blocking
Agents. Handb. Exp. Pharmacol., vol. 79, ed. Kharkevich, D.A. pp.
141-170. Berlin: Springer-Verlag.

BOWMAN, W.C., HARVEY, A.L. & MARSHALL, 1.G. (1977). The actions
of aminopyridines on avian muscle. Naunyn-Schmiedebergs Arch.
Pharmacol., 297, 99-103.

BRIGANT, J.L. & MALLART, A. (1982). Presynaptic currents in mouse
motor endings. J. Physiol., 333, 619-636.

CHANG, C.C. CHEN, SM. & HONG, SJ. (1988). Reversals of the
neostigmine-induced tetanic fade and endplate potential run-down

REGENERATIVE ACh RELEASE 797

inhibitory action of Mn?* than that induced after inhibition
of acetylcholinesterase, some differences may exist betwéen the
two regenerative release processes in triggering or regulating
Ca?* influx into nerve terminals. The longer duration of pro-
longed e.p.ps in the presence of neostigmine may be due partly
to the buffered diffusion of released ACh from the synaptic
cleft (Magleby & Terrar, 1975).

Pharmacological studies have revealed abundant K* and
Ca?* channels on mouse motor nerve terminals to which the
release of neurotransmitter was intimately related (Brigant &
Mallart, 1982; Penner & Dreyer, 1986; Rowan & Harvey,
1988). Presynaptic nicotinic receptors are also thought to be
involved in the positive and negative feedback modulation of
transmitter release (Bowman et al., 1986; Chang et al., 1988).
The present results suggest that, following administration of
high concentrations of DAP, the enhanced evoked-ACh
release, in addition to reduction of K* current, may allow a
prolonged entry of Ca?* into nerve terminals leading to a
regenerative release of ACh. Graded inhibitions of prolonged
e.p.ps by verapamil, nifedipine, Mn?* and Cd2* are in line
with the involvement of L-type Ca2* channels (Lee & Tsien,
1983). The enhancement of DAP action on the duration of
e.p.ps by another K* channel blocker TEA may suggest that
a variety of K* channels exist at the nerve terminal for modu-
lation of Ca2* influx. The marked lengthening and shortening
of DAP-prolonged e.p.ps, respectively, by neostigmine and
tubocurarine at very low concentrations are an indication that
the feedback activation of presynaptic nicotinic receptors by
released ACh plays a substantial role in activating Ca%* chan-
nels. The Ca?* channels involved in the phasic ACh release
(as in regular e.p.ps) and in the prolonged e.p.p. are apparently
different as judged from the different effective concentrations
of DAP (Table 1) and from the different blocking concentra-
tions of various antagonists on these two components.

On comparison of the nerve terminal currents (Penner &
Dreyer, 1986; Rowan & Harvey, 1988) with the present pro-
longed e.p.p. responses, several inconsistencies are evident.
For the extracellular perineural currents, TEA alone (10—
30mM) enhanced the slow component of Ca%* spike and DAP
displayed maximal effects at 250 um. A combination of both
agents augmented the slow component many times. All these
results were obtained from tubocurarine (10um at least)
-treated preparations to prevent muscle movements. In con-
trast, prolonged e.p.ps were absent in preparations treated
solely with TEA and were abolished by tubocurarine 0.2 um
and by TEA 3mMm. These comparisons suggest that there is
probably no sustained evoked ACh release corresponding to
the prolonged slow component of terminal Ca2* spike record-
ed by Mallart (1985) and Penner & Dreyer (1986). Because
TEA reduced amplitudes of m.e.p.ps, this nicotinic receptor
blocking property could explain the depressant action of TEA
on prolonged e.p.ps.

The work was supported by the National Science Council (NSC79-
0412-B002-34).

with respect to the autoregulation of transmitter release. Br. J.
Pharmocol., 95, 1255-1261.

CHANG, C.C. & HONG, S.J. (1986). Regenerating release of acetyl-
choline from mouse motor nerve terminals treated with anticholin-
esterase agents. Neurosci. Lett., 69, 203-207.

CHIARANDINI, D.J. & STEFANI, E. (1983). Calcium action potentials
in rat fast-twitch and slow-twitch muscle fibres. J. Physiol., 335,
29-40.

COGNARD, C., RAYMOND, G. & RIVET, M. (1988). On the role of
calcium current in the development of contraction of patch-
clamped rat skeletal muscle cells in culture. J. Physiol., 406, 104p.

COOK, N.S. (1988). The pharmacology of potassium channels and their
therapeutic potential. Trends Pharmacol. Sci., 9, 21-28.

CORTHAY, J., DUNANT, Y. & LOCTIN, F. (1982). Acetylcholine
changes underlying transmission of a single nerve impulse in the



798 SJ. HONG & C.C. CHANG

presence of 4-aminopyridine in Torpedo. J. Physiol., 325, 461-479.

GARCIA-SEGURA, L.M,, MULLER, D. & DUNANT, Y. (1986). Increase
in the number of presynaptic large intramembrane particles during
synaptic transmission at the Torpedo nerve-electroplaque junction.
Neuroscience, 19, 63-79.

HARVEY, AL. & MARSHALL, 1G. (1977). The actions of three
diaminopyridines on the chick biventer cervicis muscle. Eur. J.
Pharmacol., 44, 303-309.

HEUSER, J.E, REESE, T.S., DENNIS, M.J, JAN, Y, JAN, L. & EVANS, L.
(1979). Synaptic vesicle exocytosis captured by quick freezing and
correlated with quantal transmitter release. J. Cell. Biol., 81, 275-
300.

HONG, S.J. & CHANG, C.C. (1989). Antagonism by tubocurarine and
verapamil of the regenerative acetylcholine release from mouse
motor nerve. Eur. J. Pharmacol., 162, 11-17.

HORN, AS., LAMBERT, J.J. & MARSHALL, L.G. (1979). A comparison of
the facilitatory actions of 4-aminopyridine methiodide and 4-
aminopyridine on neuromuscular transmission. Br. J. Pharmacol.,
65, 53-62.

ILLES, P. & THESLEFF, S. (1978). 4-Aminopyridine and evoked trans-
mitter release from motor nerve endings. Br. J. Pharmacol., 64,
623-629.

KATZ, B. & MILEDI, R. (1979). Estimates of quantal content during
‘chemical potentiation’ of transmitter release. Proc. R. Soc. Lond.
B, 205, 369-378.

LEE, K.S. & TSIEN, R.W. (1983). Mechanism of calcium channel block-
ade by verapamil, D600, diltiazem and nitrendipine in single dia-
lysed heart cells. Nature, 302, 790-794.

LLINAS, R, WALTON, K. & BOHR, V. (1976). Synaptic transmission in
squid giant synapse after potassium conductance blockage with
external 3- and 4-aminopyridine. Biophys. J., 16, 83-86.

LUNDH, H. (1978). Effects of 4-aminopyridine on neuromuscular
transmission. Brain Res., 153, 307-318.

LUNDH, H. (1979). Effects of 4-aminopyridine on statistical param-
eters of transmitter release at the neuromuscular junction. Acta
Pharmacol. Toxicol., 44, 343-346.

MAGLEBY, K.L. & TERRAR, D.A. (1975). Factors affecting the time
course of decay of end-plate currents: a possible cooperative
action of acetylcholine on receptors at the frog neuromuscular
junction. J. Physiol., 244, 467-495.

MALLART, A. (1985). A calcium-activated potassium current in motor
nerve terminals of the mouse. J. Physiol., 368, 577-591.

MOLGO, J., LUNDH, H. & THESLEFF, S. (1980). Potency of 34-
diaminopyridine and 4-aminopyridine on mammalian neuro-
muscular transmission and the effect of pH: changes. Eur. J. Phar-
macol., 61, 25-34.

MULLER, D. (1986). Potentiation by 4-aminopyridine of quantal
acetylcholine release at the T'orpedo nerve-electroplaque junction.
J. Physiol., 379, 479-493.

PENNER, R. & DREYER, F. (1986). Two different presynaptic calcium
currents in mouse motor nerve terminals. Pflugers Arch., 406, 190
197.

PERREAULT, P. & AVOLI, M. (1989). Effects of low concentrations of
4-aminopyridine on CA1 pyramidal cells of the hippocampus. J.
Neurophysiol., 61, 953-970.

RIKER, WK., MATSUMOTO, M. & TAKASHIMA, K. (1985). Synaptic
facilitation by 3-aminopyridine and its antagonism by verapamil
and diltiazem. J. Pharmacol. Exp. Ther., 235, 431-435.

ROGAWSKI, M.A. & BARKER, J.L. (1983). Effects of 4-aminopyridine
on calcium action potentials and calcium current under voltage
clamp in spinal neurons. Brain Res., 280, 180-185.

ROWAN, EG. & HARVEY, A.L. (1988). Potassium channel blocking
actions of f-bungarotoxin and related toxins on mouse and frog
motor nerve terminals. Br. J. Pharmacol., 94, 839-847.

SIMMONS, M.A. & DUN, N.J. (1984). Actions of 4-aminopyridine on
mammalian ganglion cells. Brain Res., 298, 149-153.

THESLEFF, S. (1980). Aminopyridines and synaptic transmission.
Neuroscience, 5, 1413-1419.

YEH, J.Z, OXFORD, GS., WU, CH. & NARAHASHI, T. (1976). Inter-
actions of aminopyridines with potassium channels of squid axon
membranes. Biophys. J., 16, 77-80.

( Received November 8, 1989
Revised May 18, 1990
Accepted July 26, 1990)



Br. J. Pharmacol. (1990), 101, 799-802

© Macmillan Press Ltd, 1990

Enhancement of the endothelial production of prostacyclin by
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1 Pretreatment of bovine aortic endothelial cells with cycloheximide enhanced their capacity to release
prostacyclin in response to adenosine 5'-triphosphate (ATP) and bradykinin.

2 The action of cycloheximide was time-dependent; it became detectable after a 1 h exposure to the cells

and was maximal after 3h.

3 Puromycin mimicked the effect of cycloheximide. For these two agents, the enhancement of prostacy-
clin release was obtained at concentrations producing a partial inhibition of protein synthesis.

4 Cycloheximide increased the mobilization of free arachidonic acid induced by ATP in bovine aortic

endothelial cells.

5 In conclusion, the synthesis of new proteins is not involved in the stimulatory action of ATP and
bradykinin on prostacyclin production by bovine aortic endothelial cells. Despite the short half-life of
prostaglandin H synthase in endothelial cells, cycloheximide and puromycin enhanced the release of pros-
tacyclin induced by agonists. Our data suggest that this release might be under the control of rapidly

turning-over phospholipase inhibitory proteins.

Introduction

In rat skeletal muscle, inhibitors of protein synthesis cause a
rapid (¢,,, < 10min) block in prostaglandin production at the
level of prostaglandin H (PGH) synthase (Fagan & Goldberg,
1986). This block is consistent with a rapid turn-over of the
enzyme and may account for the antipyretic action of cyclo-
heximide. The turn-over rate of PGH synthase has been mea-
sured directly in human umbilical vein endothelial cells, by
pulse-chase experiments with [3°S]-methionine and detection
by reverse immunoblotting: the half-life of the enzyme was
less than 10min (Wu et al., 1988). In this present study, we
have investigated whether, as a consequence of this rapid
turn-over, inhibitors of protein synthesis decrease the capacity
of vascular endothelial cells to release prostacyclin (PGI,) in
response to agonists such as adenosine 5'-triphosphate (ATP)
and bradykinin.

Methods

Preparation, culture and incubation of endothelial cells

Bovine aortic endothelial cells (BAEC) were obtained by col-
lagenase digestion of the aorta excised from a freshly slaugh-
tered cow, as previously described (Booyse et al., 1975; Van
Coevorden & Boeynaems, 1984). The cells were seeded on
100 mm Petri dishes and incubated at 37°C under an atmo-
sphere of 5% CO,/95% air in the following medium: MEM
p-valine (80%, v/v), foetal calf serum (20%; v/v), glutamine
2mM, penicillin  100uml~!, streptomycin, 100ugml~!,
amphotericin B 2.5 ugml~!). The medium was changed after
24h and then every 3 days. After 4 of S5 days, the primary
cultures formed confluent monolayers and could be sub-
cultured. The cells were detached by a 5min incubation in a
Ca?*- and Mg?*-free Hanks buffer containing trypsin
(10mgdi~!) and EDTA (1 mm). Thereafter, they were seeded
on 16mm diameter wells of 24-well plastic trays and the
culture was continued in the following medium: DMEM
(Dulbecco’s modification of Eagle’s medium) (60%, v/v),
Ham’s F,, (20%, v/v), foetal calf serum (20%, v/v) with the
same concentrations of penicillin, streptomycin and ampho-
tericin B. Experiments were performed with confluent mono-
layers, between passage 2 and 5. Cycloheximide and

puromycin were present during the last part of the culture
period (30min to 5h). Then, the medium was removed and,
after rinsing twice with DMEM, the cells were incubated for
20min in 0.5ml DMEM containing the test agents (ATP or
bradykinin).

Prostaglandin radioimmunoassay (RI1 A)

The production of PGI, was measured by the RIA of its
stable degradation product, prostaglandin 6-keto-PGF,,, per-
formed directly in the incubation medium, without extraction
and chromatography. A rabbit antiserum was raised against
6-keto-PGF,, coupled to bovine serum albumin (BSA), as
described by Maclouf (1981). The limit of detection was 16 pg
and the cross-reactivity was 1.2% with PGF,,, 0.3% with
PGE, and <0.1% with thromboxane B,. Aliquots (100 x1) of
incubation medium [3H]-6-keto-PGF,, (11,000d.p.m.), anti-6-
keto-PGF,, antiserum (final dilution 1:10,000) and bovine
gamma globulins (2.5mgml~!) in Tris buffer (50 mm, pH 7.4)
were incubated in a total volume of 0.4 ml for 60 min at room
temperature. Then 0.4ml of a cold 25% (w/w) solution of
polyethylene glycol was added to separate bound and free
antigen.

Assay of free arachidonic acid release

Arachidonic acid was measured by gas liquid chromatography
(g.l.c.) with electron capture detection (ECD), as described pre-
viously (Boeynaems et al., 1985). Incubations were performed
in a medium containing BSA (1mgml~!) and indomethacin
(1 ugml~'). After addition of 1 ug docosahexaenoic acid as an
internal standard, the incubation medium was extracted with
1 volume of ethyl acetate. The free fatty acids were converted
into pentafluorobenzyl esters by a modification of the method
of Wickramasinghe et al. (1973). To the dry residue of the
extract were added 290 ug pentafluorobenzylbromide (in 5 ul
acetonitrile) and 44ug diisopropylethylamine (in Sul
acetonitrile). After Smin at 40°C and evaporation of the
solvent under nitrogen, the samples were redissolved in 50 ul
hexane. The 20 fold reduction in the amounts of reagents used
as compared with the original procedure made it possible to
analyze the samples directly without prior purification.
Analysis was performed in a Varian model 3700 chromato-
graph (Varian Associates, Palo Alto, CA, U.S.A) equipped
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with a 3Ni ECD and a 2m column of 3% OV-1 on Gas
chrom Q (Applied Science Laboratories) operated isother-
mally at 235°C.

Measurement of protein synthesis

BAEC were cultured on 35mm Petri dishes, in the same con-
ditions as described above. Experiments were started by
removing the culture medium and replacing it with
methionine-free MEM containing either cycloheximide or
puromycin. Ten min later, [33S]-L-methionine (50 xCi/dish)
was added. After a 2h incubation, the medium was removed
and 400 ul of the following lysis buffer was added: 62 mm Tris-
HCI pH 6.8, 10% (w/v) glycerol, 5% (v/v) f-mercaptoethanol,
23% (w/v) sodium dodecyl sulphate. The radioactivity incor-
porated into proteins was determined according to the pro-
cedure of Siekevitz (1952).

Measurement of cytotoxicity

BAEC were labelled with [*H]-thymidine (5 #Ciml~?) for the
last 24 h of the culture period. The medium was then removed
and replaced by fresh culture medium containing various con-
centrations of cycloheximide. Aliquots of this medium were
collected at various times for liquid scintillation counting.

Statistical analysis

In every experiment, each incubation was evaluated in tripli-
cate and each experiment was performed at least 3 times. The
figures represent the mean + s.e.mean of all results. The
analysis of variance was used to identify significant differences
between control cells and cells exposed to cycloheximide or
puromycin.

Materials

DMEM, Ham’s F,,, MEM-D-valine, foetal calf serum, peni-
cillin, streptomycin, amphotericin B and glutamine were
obtained from Gibco. Trypsin and methionine-free MEM
were purchased from Flow Laboratories. Collagenase type I
was from Cooper (Worthington). ATP, bradykinin, cyclo-
heximide and puromycin were obtained from Sigma Chem
Co, BSA (fatty acid-poor) from Calbiochem-Behring and
6-keto-PGF,, from Upjohn Diagnostics. [*H]-6-keto-
PGF,,, [3*S]-L-methionine and [*H]-thymidine were pur-
chased from Amersham Corp.

Results

Pretreatment of BAEC with cycloheximide enhanced their
production of PGI, in response to ATP. In cycloheximide-
treated cells, the ATP-induced release of PGI, was increased
to 311% + 48% of the control value (mean + s.e.mean of 29
experiments; range 116%-1336%). This action of cyclo-
heximide was time-dependent (Figure 1): it became detectable
after a 1h exposure to the drug, reached a maximum after 3h
and was maintained up to 5h. The stimulatory effect of brady-
kinin on the release of PGI, was potentiated by cyclo-
heximide with a similar magnitude to that observed on
stimulation with ATP (Figure 2).

Another inhibitor of protein synthesis, puromycin, mim-
icked the effect of cycloheximide (Figure 3): in puromycin-
treated cells, the ATP-induced release of PGI, was increased
to 235% + 29% of the control value (8 experiments; range:
146%—350%).

The enhancement of PGI, release was obtained at sub-
micromolar concentrations of cycloheximide (Figure 3), which
produced only a partial inhibition of protein synthesis (Figure
4): the ED,, was estimated to be approximately 0.1 uM for the
enhancement of PGI, release, whereas the IDj, for inhibition
of protein synthesis was 0.7 uMm.
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Figure 1 Enhancement by cycloheximide of the ATP-induced release
of prostacyclin (PGI,) from endothelial cells: time course. Bovine
aortic endothelial cells were exposed for various periods (15, 60, 180,
300min) to cycloheximide (2um). Then, the culture medium was
removed and they were incubated for 20 min in the presence of ATP
(5 uM). Results represent the amount of 6-keto-PGF,, accumulated in
the medium at the end of this incubation (mean of 3 experiments, in
which each condition was tested in triplicate; s.e.mean shown by verti-
cal bars: P < 0.05 at 1, 3 and 5h).

Cycloheximide amplified the mobilization of free arachido-
nic acid produced by ATP in BAEC (Figure 5). Thus, in cells
exposed to cycloheximide, the level of free arachidonate
reached under stimulation by ATP was increased to
198% + 19% of the control value (9 experiments; range
124%-280%).

6-keto-PGF1, (ng/well)

BN
Bradykinin ATP
(0.1 pm) (5 pm)

Control

Figure 2 Enhancement by cycloheximide of prostacyclin (PGI,)
release from endothelial cells: comparison between ATP and brady-
kinin. Bovine aortic endothelial cells were exposed to cycloheximide
(2uM) for 3h. The culture medium was then removed and the cells
were incubated for 20min, in the presence of either ATP (5uM) or
bradykinin (0.1 um). Results represent the amount of 6-keto-PGF,
accumulated in the medium at the end of this incubation (mean of 3
experiments, in which each condition was tested in triplicate; s.c.mean
shown by vertical bars: P <005 for the bradykinin- and ATP-
stimulated cells). Open columns, control; stippled columns, cyclo-
heximide (2 um).
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Figure 3 Enhancement by cycloheximide and puromycin of the
ATP-induced release of prostacyclin (PGI,) from endothelial cells.
Bovine aortic endothelial cells were exposed for 3 h to increasing con-
centrations of cycloheximide. After removal of the culture medium,
the cells were incubated for 20min in the presence of ATP (5uMm).
Results represent the amount of 6-keto-PGF,, accumulated in the
medium at the end of this incubation (mean of 3 experiments, in
which each condition was tested in triplicate; vertical bars show
s.e.mean). (O) Control; (@) ATP (5uM). Inset: Cells were exposed for
3h to puromycin (10 #M), before the test-incubation with ATP (5 uM).
Results are the mean of 3 experiments; vertical bars show s.e.mean.
Open columns, control; hatched columns, ATP; stippled columns,
puromycin then ATP. For ATP-stimulated cells, P < 0.05 at all con-
centrations of cycloheximide and puromycin.

Cytotoxicity was evaluated by the release of [*H)-thymi-
dine from prelabelled cells. No cytotoxic effect of cyclo-
heximide (2uM) was observed during a 3h incubation.
However, a slight but significant cytotoxic effect of this drug
became detectable at 4 and 5 h (Figure 6).

Discussion

In rat skeletal muscle, the short half-life of PGH synthase
results in a rapid block of prostaglandin production by inhibi-
tors of protein synthesis (Fagan & Goldberg, 1986). A direct
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Figure 4 Inhibition of endothelial cells protein synthesis by cyclo-
heximide and puromycin. Bovine aortic endothelial cells were incu-
bated for 2h in methionine-free MEM containing [**S]-L-methionine
(50 uCi/dish) and various concentrations of either cycloheximide (@)
or puromycin (O). Results represent the incorporation of radioactivity
into cellular proteins, determined by the procedure of Siekevitz (1952)
in % of the control value: mean of 3 experiments in which each condi-
tion was tested in triplicate; s.e.mean shown by vertical bars.
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Figure 5 Enhancement of free arachidonate mobilization in
cycloheximide-treated endothelial cells. Bovine aortic endothelial cells
were cultured for 3h with (stippled columns) or without (open
columns) cycloheximide (2 uM). After removal of the culture medium,
the cells were incubated for 30 min in the presence of ATP (10 uM).
Results represent the amount of arachidonic acid accumulated in the
medium at the end of this incubation, (mean of 3 experiments, in
which each condition was tested in triplicate; vertical bars show
s.e.mean; P < 0.05 for ATP-stimulated cells).

measurement of PGH synthase turn-over has shown that the
half-life of this enzyme is also very short in vascular endothe-
lial cells (Wu et al., 1988). Our observation that inhibitors of
protein synthesis enhance rather than inhibit the release of
PGI, from endothelial cells may therefore appear paradoxical.
However, Wu et al. (1988) noticed that the turn-over of PGH
synthase in endothelial cells is characterized by a two-
exponential time course, with a rapid phase of degradation
followed by a much slower one. Willems et al. (1982) have
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Figure 6 Evaluation of the cytotoxic action of cycloheximide on
endothelial cells. At time 0, the culture medium was replaced by fresh
medium with (hatched columns) or without (open columns) cyclo-
heximide (2 uM). Aliquots were collected at various times for liquid
scintillation counting. Results represent the cumulative radioactivity
released in the medium: mean of 3 experiments, in which each condi-
tion was tested in triplicate; vertical bars show s.e.mean; (P < 0.05 at
4 and 5h).
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provided evidence that two pools of PGH synthase coexist in
human umbilical vein endothelial cells; one with a rapid turn-
over for exogenous arachidonic acid, the other one with a
much longer half-life involved in the metabolism of endoge-
nous substrate. In agreement with these observations, our
study suggests that the capacity of endothelial cells to produce
PGI, in response to agonists might be preserved despite the
loss of a major fraction of PGH synthase.

Our results are not in agreement with those of Clark et al.
(1986a) who observed that cycloheximide inhibits the
bradykinin-induced release of PGI, from a bovine endothelial
cell line. These authors speculated that bradykinin, as well as
leukotrienes C, and D,, would increase the synthesis of PGI,
via the induction of a phospholipase A,-stimulatory protein
(Clark et al., 1986b). This mechanism appears unlikely since in
endothelial cells, bradykinin induces a very rapid accumula-
tion of inositol 1,4,5-trisphosphate (Derian & Moskowitz,
1986; Lambert et al., 1986), followed by a rise of cytoplasmic
Ca?* (Morgan-Boyd et al., 1987; Colden-Stanfield et al., 1987)
which is sufficient to activate directly a Ca®*-sensitive phos-
pholipase A, (Carter et al., 1988). The discrepancy between
our results and those of Clark et al. (1986) might be due to
their use of very high concentrations of cycloheximide (35 um)
or to peculiarities of their endothelial cell line. From our
studies, we also conclude that the enhancement of PGI,
release is not a mere consequence of cytotoxicity of cyclo-
heximide.
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Electrophysiological effects of AFD-21 and AFD-19, new
antiarrythmic compounds on papillary muscles and single
ventricular myocytes isolated from guinea-pig hearts

Ttsuo Kodama, Kaichiro Kamiya, Takashi Kawamura, Ryoko Suzuki & Junji Toyama

Department of Circulation and Respiration, The Research Institute of Environmental Medicine, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya 464-01, Japan

1 The effects of AFD-21, a newly synthesized antiarrhythmic compound, and AFD-19, its active metabo-
lite, on transmembrane action potentials were examined in right ventricular papillary muscles and single
ventricular myocytes isolated from guinea-pig hearts.

2 In papillary muscles, AFD-21 10~ ° M caused a slight prolongation of action potential duration (APD),
while AFD-19 above 10~ M shortened APD in a dose-dependent manner.

3 Both AFD-21 and AFD-19 above 10~ °M caused a significant and dose-dependent decrease in the
maximum upstroke velocity (V,,.) of the action potential without affecting the resting membrane poten-
tial.

4 In the presence of AFD-21 or AFD-19, trains of stimuli at rates >0.2 Hz led to an exponential decline
in V,,,,.. This use-dependent block was enhanced at higher stimulation frequencies. A time constant for
the recovery of V. from the use-dependent block was 2.9s for AFD-21 and 3.6 s for AFD-19.

5 The curves relating membrane potential and V,,, were shifted by AFD-21 (10~3M) or AFD-19
(1073 m) to the direction of more negative potentials by 5.3mV and 5.1 mV respectively.

6 In single ventricular myocytes treated with AFD-21 (10~ %m) or AFD-19 (10~ 3M), V,,., of test action
potentials preceded by conditioning clamp pulses to 0mV was decreased progressively as the clamp pulse
duration was prolonged.

7 These findings suggest that both AFD-21 and AFD-19 have use- and voltage-dependent inhibitory
action on the sodium channel by binding to the channel during its inactivated state, and that the

unbinding rate is comparable to that of Class I antiarrhythmic drugs with intermediate kinetics.

Introduction

In the early 1970s, Mandel et al. (1971, 1972) showed that
diphenidol, an antiemetic drug was effective for the treatment
of arrhythmias associated with digitalis administration.
However, a potent anticholinergic action of the drug prevent-
ed its further wide clinical use. AFD-21 (4-diisobutylamino-
1,1-diphenyl-1-butanol maleate) is a compound derived from
diphenidol, and AFD-19 (4-isobutylamino-1,1-diphenyl-1-
butanol maleate) is an active metabolite of AFD-21. These
substances have minimal anticholinergic action. In vivo studies
in mice and dogs have demonstrated that AFD-21 and
AFD-19 given orally or parenterally have a potent inhibitory
action against ventricular arrhythmias induced by aconitine,
digoxin, or coronary ligation (unpublished data). In vitro
experiments in guinea-pig isolated ventricular muscles have
shown that AFD-21 and AFD-19 reduce the maximum up-
stroke velocity (V,,,) of action potential without affecting
resting membrane potential (Kojima & Ban, 1989). These find-
ings suggest that primary electrophysiological effects of
AFD-21 and AFD-19 are similar to those of local anaesthetic-
type (Class I) antiarrhythmic drugs: inhibition of the sodium
channel. However, the precise mode of action of these com-
pounds on the cardiac sodium channel in relation to its anti-
arrhythmic activity remains to be elucidated.

In the present study, the effects of AFD-21 and AFD-19 on
the transmembrane action potential were investigated in right
ventricular papillary muscles, as well as in single ventricular
myocytes isolated from guinea-pig hearts. The modulation of
drug-induced V,,,, inhibition by stimulation frequencies or by
membrane potential level was studied extensively, in order to
compare the characteristics of the sodium channel blocking
actions of AFD-21 and AFD-19 with other Class I drugs.

* Author for correspondence.

Methods

Papillary muscles

Guinea-pigs of either sex weighing 200 to 250 g were killed by
a blow on the head and hearts were quickly removed. Papil-
lary muscles 2 to 3mm in length and 0.3 to 0.4mm in dia-
meter were dissected from the right ventricle. The preparation
was mounted in the tissue bath and superfused continuously
with Krebs-Ringer solution kept at 34°C and gassed with 95%
0, and 5% CO,. The composition of the solution was as
follows (in mm): NaCl 120.3, KCl 4.0, CaCl, 1.2, MgSO, 1.3,
NaHCO, 25.2 and glucose 5.5 (pH 7.4). Equipment for stimu-
lation and for recording transmembrane action potential was
the same as described by us previously (Kodama et al., 1985;
Toyama et al., 1987).

To study the use-dependent effects of AFD-21 and AFD-19
on the maximum upstroke velocity (V,,,,) of action potentials,
the preparation was stimulated repetitively at varying rates
ranging from 0.2 to 2.5Hz. Rest periods of 60s, which were
sufficient to ensure full recovery from the rate-dependent
decrease in V,,., were interposed between the trains of
stimuli. This experimental protocol is able to detect the exis-
tence of two types of V. inhibition by the drugs, tonic and
use-dependent block. The former is defined by the decrease of
V... Of the first action potential preceded by the rest period,
and the latter is the decrease of V. during the train (from the
value of first action potential to the new steady state level).

The recovery of V,,, from the use-dependent block was
studied by applying a single test stimulus at various coupling
intervals following a stimulation train for 20s at 1.0 Hz. The
intensity of the test stimuli was adjusted to obtain a constant
latency from the stimulus artifact to the initiation of the
action potential upstroke.
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To determine the relationship between membrane potential
and V,,., the papillary muscle was stimulated at an inter-
stimulus interval of 30s and the resting potential was made
less negative by adding KCl to the medium in 1 to 2mM steps
up to a final K* concentration of 20mM. After an equili-
bration period of 7 to 8 min for each K* concentration, an
action potential was recorded to measure V,,,,

Single ventricular myocytes

Single ventricular myocytes were isolated enzymatically from
guinea-pig hearts by the same procedure as described in our
previous study (Kodama et al., 1990). A few drops of cell sus-
pension were placed in a recording chamber attached to an
inverted microscope. The chamber was perfused at a rate of
2mlmin~! with normal Krebs solution of the following com-
position (mMm): NaCl 136.9, KCl 54, CaCl, 1.8, MgCl, 0.5,
NaH,PO, 0.33, HEPES 5.0 and glucose 5.0; pH was adjusted
to 7.4 by adding NaOH and the solution was equilibrated by
100% O, . The temperature was maintained at 35°C.

Following the increase in calcium concentration of the
medium to 1.8mm (normal Krebs solution), 30 to 40% of
myocytes deteriorated into round-shaped cells due to irrevers-
ible contracture. The remaining cells were tolerant to calcium;
their intact rod-shape was maintained without spontaneous
beating, and the experiments were carried out with these
myocytes.

The single-pipette, whole cell clamp method was employed
to control and record membrane potential using single cell/
single channel amplifier (List-Medical, L/M-EPC7). The pip-
ettes were heat polished and filled with internal solution to
have a resistance ranging from 2 to 3 MQ. The pipette solu-
tion consisted of (mM): KCl 120.0, NaH,PO, 10.0, EGTA 1.0,
MgATP 5.0 and HEPES 10.0; pH was adjusted to 7.2 by
adding KOH. Action potentials were recorded by the current-
clamp mode by passing a short stimulus current (2 to 4ms in
duration) through the electrodes. Transition from the voltage-
clamp mode to the current-clamp mode was regulated by a
pulse generator through an electronic relay. Details of the
experimental protocols are given in the Results section.

Drugs and data analysis

AFD-21 and AFD-19 (Nihon Shinyaku Co. Ltd., Osaka,
Japan) were dissolved in deionized water and diluted with
superfusate (Krebs solution) to achieve the final concentration
required. Values are presented as means + s.e. unless other-
wise stated. Data were analysed by ¢ test, analysis of variance,
Dunnett’s test and regression analysis. Differences were con-
sidered significant at P < 0.05.

Results

Action potentials of papillary muscle

Effects of AFD-21 (3 x 10°"mM to 107°M) and AFD-19
(3 x 10”7 M to 10~ 3 M) on the membrane action potential con-
figuration were examined in each of six papillary muscles con-
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Figure 1 Effects of AFD-21 and AFD-19 on transmembrane action
potentials of papillary muscles. Upper panels are superimposed
records of membrane action potential and its differentiated upstroke
spikes (V,,,,) before (O) and 30min after (@) application of AFD-21
(10~ % M) or AFD-19 (10~ * M). The preparation was constantly stimu-
lated at 1.0 Hz. Lower graphs summarize the change of action poten-
tial parameters. APD,, and APD,, = action potential duration from
the upstroke to 30% and 90% repolarization. Values are presented as
mean % change from control and bars show s.e.mean (n = 6). Effect of
AFD-21 or AFD-19 107°M (open columns), 3 x 107°M (solid
columns) and 10~ 3 m (stippled columns) are shown. * Significantly dif-
ferent from control at P < 0.05.

stantly stimulated at 1.0Hz (Figure 1). Control values of
action potential parameters before drug application were as
follows: resting membrane potential (RP), —91.3 + 0.2mV;
maximum upstroke velocity (V,.,.), 190.2 + 7.1 Vs~'; action

potential duration at 30% repolarization (APDSO)
204 + 6ms; at 90% repolarization (APDyy), 271 + 7ms
(n=12).

After exposure to AFD-21 or AFD-19 3 x 10""M for
30min, no significant change in the action potential configu-
ration was observed. AFD-21 1076M caused a significant
decrease in V,,,. V,.. was further decreased at the higher
concentrations of AFD-21. At 1073M, APD,, was slightly
prolonged, while RP and APD;, were still unaffected.
AFD-19 above 107 M also caused dose-dependent V.
reduction without affecting RP. Unlike AFD-21 both APD;,
and APD,, were shortened in a dose-dependent manner by
AFD-19 at concentrations ranging from 3 x 107°M to
10~5m. IC,o of V,,, inhibition induced by AFD-21 and
AFD-19, which was obtamed by interpolation in a graph
of log molar drug concentratlon Versus response, was
1.5 x 10~ %M and 4.3 x 10~ M respectively.

Use-dependent effects on V

The effect of AFD-21 and AFD-19 on V,,,, was examined at
different rates of stimulation trains separated from each other
by a 60s rest period. In untreated control preparations, the
value of V,,, was almost unchanged at rates of stimulation
(trains) from 0.2 to 2.0Hz. After treatment with AFD-21 or
AFD-19, V, .. of the first action potential in each train was
slightly decreased indicating a minimal tonic block (Table 1).

Table 1 Tonic and use-dependent block of V,,,. by AFD-21 and AFD-19

n Tonic block
%
AFD-21
3x10°°m 6) 6.2+ 0.6
1075m 6) 104 £ 05
AFD-19
3x107°m 5 54+05
1075m (5) 143 +2.7

Onset rate of use-dependent block

1.0Hz 20Hz

AP™! AP!
043 + 0.02 0.33 £ 0.01
0.54 + 0.03 0.36 + 0.04
0.22 + 0.02* 0.14 + 0.01*
0.27 + 0.01* 0.21 + 0.04*

Values are means + s.e. n = number of preparations. * Significantly different from the value of AFD-21 at the same concentration

(P < 0.05).
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Figure 2 Rate-dependent decrease of the maximum upstroke veloc-
ity (V). Upper panel: differentiated upstroke spikes of action poten-
tials during stimulation trains at 2.0 Hz in previously quiescent tissue.
The records were obtained before, and 30min after application of
AFD-21 3 x 10"°M or AFD-19 3 x 10"°M. Lower graphs: beat-to-
beat change in V,,, at onset of stimulation trains. Ordinate scales:
V pax - Abscissa scales number of beats (action potentials) from initi-
ation of stimulation train. Frequencies of stimulation were 2.0Hz
under control conditions (O), and 1.0Hz (@), 20Hz (A) and 2.5Hz
(A) in the presence of (a) AFD-21 (3 x 10~°m) or (b) AFD-19
(3 x 107 %m).

Further decline of V,,, during the repetitive activity (use-
dependent block) was dependent on the stimulation fre-
quency; the higher the frequency, the greater the block (Figure
2).

Figure 3 summarizes the percentage decrease of V,,,, from
the first action potential to the new steady-state level, which
was attained at around the 10th to 15th action potentials for
AFD-21 and 15th to 20th action potentials for AFD-19. The
use-dependent block was larger at higher drug concentrations.

The beat-to-beat decline of V,,,, fitted a single exponential
curve well (Figure 2), so the onset rate per action potential
(AP~Y) at which V,_ fell to the new steady-state level could
be calculated in each experiment (Table 1). The rate of onset
with AFD-21 was faster than that with AFD-19 when com-
pared at the same drug concentration and at the same stimu-
lation frequency (Table 1).

The recovery of V,,. from the use-dependent block was
studied by applying a single test stimulus at various coupling
intervals following a stimulation train for 20s at 1.0Hz
Before the application of the drugs, V,,,. of test action poten-
tials recovered almost completely w1thm 100ms of diastolic
interval (the interval from the end of the last action potential
to the beginning of the test action potcntial) After treatment
with AFD-21 (10~ 3 M) or with AFD-19 (10~ * M), much slower
V ax TECOVETY Was observed. Representative results are shown
in Flgure 4, where fractional reduction of V. of test action
potentials was plotted against the diastolic mterval in a semi-
logarithmic graph. In the presence of AFD-21, the recovery
time course of V,, with a diastolic interval longer than
100ms was approximated by a single exponential function.
The average time constant was 2.9 + 0.1s (n = 5). Similar
exponential recovery of V,,. was also observed in papillary
muscles treated with AFD-19 at a time constant of 3.6 + 0.1s
(n=25).

Voltage-dependent effects on V .,

The effects of AFD-21 and ADF-19 on the relationship
between V. and the resting membrane potential from which
the action potential originated were examined in papillary
muscles driven at an interstimulus interval of 30s. The slow
rate of stimulation was used to eliminate the use-dependent
depression of V,,,, by the drugs. The membrane potential was
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Figure 3 Relationship between stimulation frequency and intensity
of the use-dependent block. Ordinate scales: % decrease of maximum
upstroke velocity of action potential (V,,,,) from first action potential
of stimulation trains to new steady level. Abscissa scales: stimulation
frequency. Data were obtained before (O) and 30 min after the appli-
cation of (a) AFD-21 or (b) AFD-19 at 10" °M (@), 3 x 1076 (A) and
107 %M (A). Values are means and vertical lines show s.e. of the six
preparations for AFD-21 and five for AFD-19. * Change was sta-
tistically significant from control at P < 0.05.
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Figure 4 Offset of the use-dependent block of V,,. by AFD-21 in
papillary muscles. Inset shows superimposed records of differentiated
upstroke spikes of action potentials 30min after application of
AFD-21 (10~ 5M). The preparation was stimulated at 1.0Hz for 20s
after a rest period of 60s. After cessation of the stimulation train, a
single test stimulus was applied with various coupling intervals. The
graph indicates recovery process of V. of test action potential. Ordi-
nate scale: fractional V. reduction of the test action potential as
compared with V., of the first action potential. Abscissa scale: dias-
tolic interval, whnch was measured from the end (at 95%
repolarization) of the last action potential induced by the stimulation
train to the upstroke of the test action potential. The time course was
approximated by single exponential function with a time constant (z)
of 29s.
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Figure 5 Effects of AFD-21 and AFD-19 on the relationship
between resting membrane potential and V,,, in papillary muscles
driven with an interstimulus interval of 30s. Values were obtained
before (O) and 30 to 40 min after application of AFD-21 or AFD-19
10~°M (@). Absolute values in one experiment are shown in (a).
Means of the normalized values (n = 5) are illustrated in (b); vertical
lines indicate s.e.mean.

depolarized in steps from the original resting level at 4mm
[K Jo to about —60mV, by increasing the K* concentration
in the medium. The decrease of V,,, by AFD-21 (10~ M) was
more pronounced at less negative membrane potentials
(Figure 5). A fraction of V,,,, was calculated in each experi-
ment by normalizing the data with the value at 4mm [K*],,
and means + s.e. were obtained. The average curve after
application of AFD-21 was shifted by 5.3mV at a level of 50%
reduction along with the voltage axis in the direction of
hyperpolarization. AFD-19 caused a similar hyperpolarizing
shift of the curve by 5.1 mV (not shown in the figure).

Vonax 9f single ventricular myocytes

In single ventricular myocytes, the effects of a conditioning
clamp pulse on V,m of the subsequent test action potential
were examined, in order to determine whether the use-
dependence of the inhibition of V,,,, by AFD-21 and AFD-19
is due to the blockade of an activated or an inactivated
sodium channel. The baseline characteristics of action poten-
tial elicited in the cells at a long interstimulus interval (30s)
were as follows: RP, —83.1 + 0.3mV; V,,., 437 + 13Vs™!;
APDQO, 170 + 18 ms (n = 9). There were no significant differ-
ences in any of these parameters between the subgroups of
cells exposed to AFD-21 and AFD-19.

Representative experiments are shown in Figure 6. Follow-
ing a rest period of 60s, the membrane potential was clamped
up from the resting level (holding potential of —83mV) to
OmV for 10 to 2,000 ms. At the end of the conditioning clamp
pulse, the membrane potential was clamped back to the
holding voltage for 100 ms, which is long enough for a drug-
free channel to reactivate fully (Carmeliet & Vereecke, 1979;

b 0\0\0‘
—0
80 4
9 Clamp pulse_j\ 0
r _ I
£ 60 80 mv
>
5 .
8 , X ‘Vmax Jioovs
E 404 —
£ 100 ms
]
2 —_
201 — -
04
r T T T J
0 500 1000 1500 2000

Clamp pulse duration (ms)

Figure 6 Effects of 0OmV conditioning clamp pulse on the V,,, inhi-
bition induced by AFD-21 and AFD-19 in single ventricular
myocytes. Ordinate scale: V,,, of test action potential normalized by
the value of action potential without clamp pulse (referenced at the
tonic block subtracted value). Abscissa scale: duration of the condi-
tioning 0mV clamp. Data were obtained before (O) and 10min after
application of AFD-21 10™5m (@) or AFD-19 1075M (A). Arrows
indicate time constant for the exponential decay; 157ms for 107 5M
AFD-21 and 513 ms for 10~ 5M AFD-19.

Ebihara & Johnson, 1980), but short enough so that only
partial dissociation of the drug from the blocked channel
occurs (Grant et al., 1984). The voltage-clamp was then rel-
eased, and a stimulus was applied to elicit a test action poten-
tial.

In untreated control myocytes, such a clamp pulse with a
duration less than 500 ms had no significant effect on the V.
of the test action potential. However, further prolongation of
clamp pulse duration resulted in a slight but significant
decrease in V,,,. A clamp pulse of 2,000ms in duration
decreased V. by 13.0 + 22% (n=4) from the value of
action potentrals without conditioning clamp pulse (reference
level).

Treatment of the myocytes with AFD-21 (10~ °M) or with
AFD-19 (10™* m) for 15 min did not affect the resting potential
(RP). V.. of the reference action potential was slightly (8 to
13%) decreased compared with the value before drug applica-
tion. In such myocytes, a conditioning clamp pulse caused a
progressive decrease in V,,,, of the test action potential as the
clamp pulse duration was prolonged (Figure 6). In the pre-
sence of AFD-21, the decrease of V. from the reference level
was minimal (8.6 + 2.1%, n = 5) at 10ms clamp pulse, but it
reached 78.3 + 6.4% (n = 5) at 1000 ms. The V,,,, decay with
prolongation of clamp pulse duration in each experiment
fitted well to a single exponential function. The average time
constant was 152 + 16 ms (n = 5). Qualitatively similar results
were obtained in experiments with AFD-19; the decrease of

« from the reference level was 10.2 + 3.1% at 10ms and
691 + 8.0% at 1000ms clamp pulse (n = 4). The time con-
stant of V,,, decay with prolongation of the clamp pulse
duration for AFD-19 was 520 + 21 ms (n = 4). The value was
significantly longer than that of AFD-21.

Discussion

The present experiments revealed that AFD-21 above 10"%m
and AFD-19 above 3 x 107M cause a concentration-
dependent decrease in V,,, of papillary muscles. APD was
slightly prolonged by AFD-21 at the highest concentration
tested (10~ 5 M), while it was shortened appreciably by AFD-19
above 3 x 10~ M. These findings are partially in agreement
with those obtained by Kojima & Ban (1989). They showed
that AFD-21 and AFD-19 caused similar dose-dependent
decreases in V,,, of guinea-pig papillary muscles at concen-
trations above 2 x 10"®M. They observed no significant
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change in APD by these compounds. The discrepancies
between the present study and their results on the potency of
V.. inhibition and on APD might be attributed to different
experimental conditions.

Since the entire tissue was excited simultaneously and there
was no conduction within the preparation under the present
experimental condition, the decrease of V,,. by AFD-21 or
AFD-19 without any accompanying change in RP may reflect
an inhibitory effect of these compounds on the fast sodium
inward current, Iy, (Gintant et al., 1983; Grant et al., 1984).
The potency of V,,,, inhibition by AFD-21 in guinea-pig pap-
illary muscles constantly driven at 1.0Hz (IC,, =15 x
10~%Mm) is higher than that of quinidine and diisopyramide,
while that of AFD-19 (IC,, = 4.3 x 10~ %M) is comparable to
these two compounds (Campbell, 1983a).

The inhibition of V,,, by AFD-21 and AFD-19 was
enhanced by a higher stimulation frequency. The frequency-
dependence or use-dependence of this effect can be interpreted
within the framework of the ‘modulated receptor hypothesis’,
proposed by Hondeghem & Katzung (1977; 1980) to explain
the interaction between local anaesthetic type (Class I) anti-
arrhythmic drugs and cardiac sodium channels. According to
this hypothesis, the reduction of Iy, is due to the accumula-
tion of drug-associated non-conducting channels (blocked
channels). If AFD-21 and AFD-19, like most Class I anti-
arrhythmic drugs (Grant et al., 1984; Hondeghem & Katzung,
1984), has a higher affinity for the receptor of an activated or
inactivated channel than for that of a resting channel, an accu-
mulation of blocked channels during the stimulation train
leading to a use-dependent inhibition of V,,. would be
expected. The small tonic block of V,, by AFD-21 and
AFD-19 in normally polarized papillary muscles is consistent
with such an assumption. The use-dependent block of V,,,, by
AFD-21 and AFD-19 was observed during stimulation trains
at rates >0.2Hz, and its onset kinetics were relatively slow.
The onset rate at 20Hz (0.33 AP~ ! at 3 x 10"°mM AFD-21
and 0.14 AP~ ! at 3 x 107®M AFD-19) was comparable to
those of quinidine and procainamide, which have been pro-
posed as intermediate kinetic Class I drugs by Campbell
(1980, 1983a,b). )

Both AFD-21 and AFD-19 caused a slow phase of V,,.
recovery following stimulation trains, reflecting the disso-
ciation of the drug from the inactivated or the resting sodium
channels. The recovery time constants of AFD-21 (2.9s) and
of AFD-19 (3.6s) were similar to those obtained for quinidine,
procainamide (Campbell, 1983a; Vaughan Williams, 1984)
and aprindine (Toyama et al., 1987).

The relationship between V,,,, and membrane potential was
investigated in papillary muscles stimulated with an inter-
stimulus interval of 30s. Under such experimental conditions,
a decrease in V,,,, may reflect only the tonic block by AFD-21
and AFD-19, while the use-dependent block by these com-
pounds may be negligible. The present results have revealed
that the decrease in V,, as a result of tonic block by AFD-21
or by AFD-19 is more pronounced at less negative membrane
potentials. This effect is most likely explained by a high affin-
ity of these drugs for inactivated sodium channels (Grant et
al., 1984).

Our recent studies have shown that Class I antiarrhythmic
drugs can be subdivided into two groups in terms of their
sodium channel blocking phase during the conditioning clamp
pulse to 0mV; one ‘transient’ and one ‘maintained’ (Kodama
et al., 1987; 1989; Courtney, 1988). The former group of drugs
(quinidine, disopyramide) may block the sodium channel
mainly during its activated state corresponding to the up-
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1 In circular muscle strips of the fundus and corpus of guinea-pig stomach, mechanical responses to
catecholamines were studied mainly in the presence of a prostaglandin biosynthesis inhibitor, meclofena-
mate.

2 Normal preparations developed considerable muscle tone, and adrenaline (10-100 uM) in the presence
of 3-5 um propranolol produced a multiphasic response, generally consisting of transient relaxation and
contraction, followed by slow relaxation and then contraction. Responses to phenylephrine were similar
to those of adrenaline.

3 Meclofenamate (0.3 uM) nearly abolished the muscle tone and under this condition, both adrenaline
and phenylephrine produced a simple contraction. This response was strongly inhibited by prazosin, but
only weakly by yohimbine.

4 When muscle tone was maintained by prostaglandin E, (10nM) in the presence of meclofenamate,
phenylephrine (30 uM) produced transient relaxation followed by slow contraction in most preparations.
These were strongly inhibited by prazosin. Adrenaline produced a similar response, but the relaxation was
only partially reduced by prazosin. The remaining relaxation was more dominant in the middle fundic
region and this was considered to be mediated through g-adrenoceptors.

5 1t is concluded that in the circular muscle of the fundic region of guinea-pig stomach, endogenous
prostaglandins are involved in maintaining muscle tone and in modifying the response to catecholamines

and that both contraction and relaxation are mediated by «,-adrenoceptors.

Introduction

In the circular muscle of the guinea-pig stomach, catechol-
amines produce multiphasic mechanical responses through
activation of a-adrenoceptors. The relative contribution of
contraction and relaxation varies in different regions of the
stomach wall and with endogenous muscle tone (Guimaraes,
1969; Bailey, 1971; Haffner, 1971; 1972; Yamaguchi &
Tomita, 1974). It has been shown that in the corpus, nor-
adrenaline produces contraction at low concentrations
through activation of «,-adrenoceptors, but relaxation at high
concentrations through «,-adrenoceptors (Sahyoun et al.,
1982a,b). On the other hand, activation of a,-receptors is also
considered to be responsible for the contractile response in the
guinea-pig stomach (Chihara & Tomita, 1987).

Since the response to a-adrenoceptor activation is com-
posed of contraction and relaxation and their pattern is
affected by muscle tone, analysis of receptor types involved in
the response is difficult. In some tissues, spontaneous develop-
ment of muscle tone may be due to endogenous prostaglan-
dins, because it is reduced by an inhibitor of prostaglandin
synthesis (meclofenamate or indomethacin; Parekh et al.,
1989). Examples include the canine (Milenov & Golenhofen,
1982) and rat stomach fundus (Frankhuizen & Bonta, 1975).
In guinea-pig stomach muscles, phospholipase A,, purified
from snake venom, produces mechanical responses very
similar to those caused by a-adrenoceptor activation
(unpublished observations). It is possible that stimulation of
a-adrenoceptors increases endogenous production of prosta-
glandins, as found in the rabbit vas deferens (Trachte, 1987)
and this modifies the direct mechanical response to catechol-
amines. Thus, in the present experiments, the effects of recep-

! Author for correspondence.

tor blocking agents on catecholamine-induced responses were
studied in the presence of meclofenamate.

Methods

Hartley guinea-pigs (250-350g) of either sex were killed by
stunning and bleeding. The stomach was removed and opened
by cutting the wall along the greater curvature, and the
mucosa was completely removed under a binocular micro-
scope. We defined the stomach wall as fundus, corpus and
antrum by dividing it into nearly equal parts from the rostral
to caudal direction. Four muscle strips (approximately 1 mm
width, 7mm length) were dissected in the direction of the cir-
cular muscle fibres between the middle fundus and the rostral
side of corpus of the ventral wall of stomach.

Preparations were suspended vertically in a small tube (1 ml
in capacity) and superfused with a physiological solution at a
rate of 2.5mImin~! at 35°C. Mechanical responses were mea-
sured with an isometric strain gauge and recorded on a poten-
tiometric pen recorder. The experiments were started after the
preparation had been equilibrated for at least 1h to allow full
development of muscle tone. Drugs were applied to the super-
fusing solution. The physiological solution contained (mm):
NaCl 129, KHCO, 6, CaCl, 2.4, MgCl, 1.2, glucose 12, Tris-
HCl 7.5, the pH being adjusted to 7.4 at 35°C with HCl
(ungassed). Experiments were carried out in the presence of
propranolol (5uM) to inhibit B-adrenoceptors, except for f-
receptor analysis. When the contribution of f-adrenoceptors
was studied, preparations were treated with phenoxybenza-
mine (50uM for 30min followed by a 20min period of
washing) to block a-adrenoceptors, neuronal and extra-
neuronal catecholamine uptakes (O’Donnell & Wanstall,
1976).
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To obtain dose-response curves, responses to agonists were
calculated as a percentage of the maximum contraction
obtained with 100 uM adrenaline or phenylephrine, or of the
maximum relaxation caused by 10 uM isoprenaline, and were
plotted against log concentration of agonist, applied cumula-
tively with a contact time of 4 min. The concentration produc-
ing 50% of the maximum response, EC,,, was then
interpolated. The dissociation constant (Kp) of antagonists
was obtained by a Schild plot (Arunlakshana & Schild, 1959).
Numerical values were expressed as mean + s.d. with the
number of preparations in parentheses.

Drugs used were (z)-adrenaline, (t)-isoprenaline, (1)-
propranolol, prazosin, yohimbine (all HCI salts from Sigma),
indomethacin (Sigma), clonidine and BHT-920 (2-amino-6-
allyl-5,6,7,8-tetrahydro-4H-thiazolo-(4,5-d)-azepine) (a  gift
from Boehringer), sodium meclofenamate monohydrate (a gift
from Parke-Davis) and prostaglandin E, (a gift from Ono
Pharmaceutical Co.). Adrenaline (10mMm) was dissolved in
diluted HCI solution (pH about 3) as stock solution and
renewed every week.

Results

Circular muscle strips gradually developed muscle tone, after
they had been mounted in the chamber, which reached a more
or less steady state in about 1h. Figure 1 shows examples of
the adrenaline response in two preparations before and after
treatment with meclofenamate (0.1 um). Adrenaline produced a
complicated response depending on the concentration and the
prevalent muscle tone, as previously found (Yamaguchi &
Tomita, 1974). Furthermore, the response changed during the
course of repeated applications of adrenaline at 20-30min
intervals. When the adrenaline concentration was low (about
1uM), only a slow contraction usually appeared. However,
when the concentration was increased, the pattern varied
greatly from preparation to preparation. The general pattern
was an early transient relaxation, a transient contraction fol-
lowed by a slow relaxation and a late slow contraction lasting
after washout. In 22% of the preparations, the response to the

Mec 0.1 um

third application of 30 um adrenaline was mainly contraction
(as shown in Figure 1b.c), in 38% it was mainly relaxation (as
in Figure 1h,i) and in 40% an intermediate pattern (a compli-
cated mixture of contraction and relaxation) was seen
(n = 104), although clear discrimination of the pattern was
sometimes difficult. There was a tendency for the transient
contraction to increase when adrenaline was applied repeat-
edly at 20 min intervals.

Meclofenamate (0.1-0.3 um) strongly reduced the muscle
tone and converted the adrenaline response to a simple con-
traction, independent of the pattern before meclofenamate.
The tone decreased to a minimum within 20min and
remained at this level in most of the preparations, but the rate
of decrease varied in different preparations. When the inhibi-
tion of muscle tone was incomplete, as judged by Ca?*
removal, the small early transient relaxation to adrenaline
remained (24 in 280 preparations).

Carbachol produced a phasic rhythmic activity on top of a
slow contraction (Figure 2). In contrast to the adrenaline
response, the pattern of contractions produced by carbachol
(50-100nm) was not much affected by meclofenamate (0.1—
0.3 um) or indomethacin (0.5-1 um). The small response caused
by a low carbachol concentration (10-50nM) was slightly
reduced (86 + 7% of the control, n = 8) by 0.3 um meclofena-
mate.

The responses to phenylephrine, an agonist relatively spe-
cific to a,-adrenoceptors, were similar to those to adrenaline,
both before and after meclofenamate application (compare
Figure 3a,d with cf). Small differences were that phenyleph-
rine produced less relaxation in the absence of meclofenamate
and faster recovery from contraction in the presence of meclo-
fenamate compared with adrenaline. On the other hand, cloni-
dine, an a,-adrenoceptor specific agonist, produced a very
small and prolonged contraction at the high concentration of
30 um, compared with phenylephrine and adrenaline at the
same concentration (Figure 3b,e). The responses to BHT-920,
another «,-adrenoceptor agonist, were slightly larger and
faster than those to clonidine at the same concentration
(30 um). For both BHT-920 (Flavahan et al., 1984) and cloni-
dine (Agrawall et al, 1984) this high concentration gave a
maximum contraction in vascular muscles. In the present

Mec 0.1 um

j_/\——k
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Figure 1 Mechanical responses to adrenaline before and after meclofenamate application in circular muscle strips of guinea-pig stomach fundus.
Three different concentrations (1, 10, 100 um) of adrenaline (Ad) were applied for 4 min, as indicated by horizontal bars, at intervals of 20 min.
After recording (c) and (i), meclofenamate (Mec, 0.1 uM) was applied continuously and 30 min later adrenaline application was started. Propranol-
ol (3 uM) was present throughout the experiments. Dotted lines indicate the lowest level of muscle tone. Records, (a—f) and (g-1), are from different

preparations. See text for further explanation.
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Figure 2 Comparison of the effects of meclofenamate on adrenaline-
and carbachol-induced responses. (a and b) Control responses to
adrenaline (Ad, 10uM) and carbachol (CCh, 50nM). The interval
between drug applications was 20min. (c and d) Responses to the
same concentration of the drugs in the presence of meclofenamate
(0.1 um) which was applied after recording (b). Propranolol (3 um) was
present throughout.

experiments, neither produced relaxation between 1 and 30 um
(n=28).

Figure 3 also shows the strong inhibitory effects of prazosin,
a specific a,-adrenoceptor blocker, on responses to three dif-
ferent agonists (30 uM) (g-i). Prazosin (1 uM) almost completely
blocked not only the contraction produced by phenylephrine
(g) but also that by clonidine (h). The adrenaline response was
slightly less susceptible to prazosin (i).

Figure 4 shows the effects of prazosin on the dose-response
curve to adrenaline in the presence of meclofenamate (0.3 um).
Prazosin (0.001-0.1 uM) strongly inhibited the response. The
slope of the Schild plot was 0.84 + 0.11 (n = 6) which was sig-
nificantly different (P < 0.01) from unity. The apparent pA, of
prazosin was 9.94 + 0.12. Yohimbine (0.1-1 um) had only a
weak effect on the size of contraction. The contraction pro-
duced by 30um adrenaline was reduced to 97 + 7% with
0.1um and 84 + 9% of the control with 1xM yohimbine
(n = 6). On the other hand, yohimbine increased the rate of
relaxation of contractions produced by adrenaline. The dura-
tion of contraction produced by a 4min application of 30 um
adrenaline, measured at 50% amplitude was 13.5 + 3.7min

Phe 30 um
Mec 0.3 um

Mec 0.3 pm
Praz 1 pm

Figure 3 Effects of meclofenamate and prazosin on responses to
phenylephrine (Phe, a,d,g), clonidine (Clo, b,e,h), and adrenaline (Ad,
cf,i), each at a concentration of 30 uM. (a—) Control responses, (d—f) in
the presence of meclofenamate (Mec, 0.3 uM), and (g—i) in the presence
of meclofenamate (0.3 uM) and prazosin (Praz, 1uM). These represent
successive recordings. Meclofenamate and prazosin were applied

30 min before (d) and (g), respectively. Propranolol (3 uM) was present

throughout.

ADRENOCEPTORS IN STOMACH MUSCLE 811

100 1

80 1

60

0- T )
0.01 0.1 1 10 100

[Adrenaline] (um)

Figure 4 Effects of prazosin (0.001-0.1 uM) on dose-response curves
to adrenaline in the presence of 0.3 uM meclofenamate and 3 uM prop-
ranolol. Adrenaline was cumulatively applied at each concentration
for 4min, 20min after preincubation with prazosin and the maximum
tension caused by 100uM adrenaline in the absence of prazosin was
taken as 100%. (O) Responses in absence of prazosin; responses in
presence of (@) 0.001 uM, (x) 0.01 um and (A) 0.1 uM prazosin. Verti-
cal lines show s.d. (n = 6).

(n = 14) and this was reduced to 11.8 + 3.5 and 7.4 + 1.5min
by 0.1 and 1 um yohimbine, respectively.

In order to study the relaxation caused by catecholamines,
muscle tone was raised with prostaglandin E, (10nm) to a
level similar to that before meclofenamate treatment. As
shown in Figure 5, BHT-920, an a,-adrenoceptor agonist,
phenylephrine and adrenaline all produced a simple contrac-
tion in the presence of meclofenamate, but the response to
BHT-920 was smaller and slower, as with clonidine, compared
to other catecholamines. When these catecholamines were
applied during sustained prostaglandin application, phenyl-
ephrine and adrenaline produced a transient relaxation fol-
lowed by a slow contraction (e,f), but BHT-920 (and clonidine)
failed to produce any relaxation (d). Prazosin (3 uM) blocked
the response to phenylephrine almost completely (h), but only
partially blocked the adrenaline response (i).

In the preparation shown in Figure 6 which was obtained
from the middle region of the fundus, relaxation was the
dominant response to adrenaline in the presence of propranol-
ol (3 um) (a). This changed to a slow contraction after meclofe-
namate treatment (b). The adrenaline response in the presence
of prostaglandin (10nM) was also mainly relaxation (c). This
response was not significantly affected by yohimbine even at
5um (d), but was clearly reduced by prazosin (e). The relax-
ation observed in the presence of prostaglandin is, therefore,
unlikely to be mediated through «,-adrenoceptors and is
partly resistant to prazosin. A possibility that p-receptors
might be involved in the relaxation was tested by comparing
responses to adrenaline and isoprenaline.

PGE; 10 nm

Praz 3 pm

Figure 5 (a,b,c) Responses to three different agonists (30 um) (BHT-
920, phenylephrine, and adrenaline, respectively) in the presence of
propranolol (3 uM) and meclofenamate (0.3 um). (d,e,f) The same agon-
ists were applied during application of prostaglandin E, (PGE,,
10nM), as indicated by the horizontal bars. (g,h,i) The same as (d,e,f)
but in the presence of prazosin (Praz, 3 uM). All records are from the
same preparation. See text for further explanation.
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Figure 6 Effects of yohimbine (Yoh) and prazosin on relaxation pro-
duced by adrenaline in the presence of meclofenamate (Mec, 0.3 uM),
prostaglandin E, (PGE,, 10nM) and propranolol (3uM) in a prep-
aration obtained from the middle fundic region. (a) Control response
to adrenaline (Ad, 10 uM) before meclofenamate, (b) after meclofena-
mate and (c) during prostaglandin application. Yohimbine (5 uM) was
applied after (c), and 30 min later adrenaline was applied during pros-
taglandin E, (PGE,)induced contraction (d). Similarly, prazosin
(Praz, 5 uM) was applied between (d) and (e).

PGE, 10 nMm
Praz

5 um m M

5 min

Figure 7 Responses to adrenaline and isoprenaline in the presence of
propranolol (5uM), meclofenamate (0.3uM) and prostaglandin E,
(PGE,, 10nM) in three different preparations from the same stomach
wall; (a—c) middle fundus, (d—f) caudal fundus, and (g-i) rostral corpus.
(a,d,g) Responses to adrenaline (Ad, 30 uM) before and (b,e,h) after pra-
zosin (Praz, 5um) application. (c,f,i)) Responses to isoprenaline (Iso,
1 uM) in the presence of prazosin. See text for further explanation.
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Figure 8 Effects of propranolol on the dose-response curve of
isoprenaline-induced relaxation. Preparations (middle fundus) were
treated with phenoxybenzamine for 30min, and isoprenaline was
cumulatively applied in the presence of prostaglandin E, (10nM) and
meclofenamate (0.3 uM). (O) Control responses in the absence of prop-
ranolol; responses in presence of (@) 0.1, (x) 1 and (4) 5uM propra-
nolol. Each point represents the mean of 6 preparations with s.d.
indicated by vertical bars.

Figure 7 shows responses to adrenaline (30uM) and iso-
prenaline (1 M) in three preparations obtained from the same
stomach. When adrenaline was applied in the presence of
propranolol (5um) and prostaglandin E, (10nM), all prep-
arations produced a transient relaxation (a,d,g). In the prep-
aration obtained from the middle fundus (a—c), the relaxation
became smaller but sustained in the presence of prazosin (b),
whereas in the preparation from the corpus (g-i), the relax-
ation was converted to a contraction by prazosin (h). In the
muscle strip of the caudal region of fundus (d—f), the adrena-
line response was markedly reduced by prazosin (e). Isoprena-
line still produced relaxation even in the presence of 5um
propranolol, but the degree of relaxation decreased in muscle
strips taken from the more caudal side of the stomach wall (c
to i). This tendency was confirmed in two other experiments.
These results suggest that the sustained relaxation caused by
adrenaline in the presence of prazosin in the middle fundus (b)
is due to activation' of f-adrenoceptors.

In Figure 8, inhibition of the isoprenaline-induced relax-
ation with propranolol (0.1-5uM) is shown. This result was
obtained from 6 preparations of the middle fundic region in
the presence of meclofenamate (0.3 uM) and prostaglandin E,
(10nM), foJlowing treatment with phenoxybenzamine (50 uM).
The phenoxybenzamine treatment shifted the dose-response
curve of isoprenaline to the left by approximately ten times.
Under these conditions, the EC,, of isoprenaline was
40 + 6nM (n = 6). Propranolol, applied 20 min before, dose-
dependently inhibited the relaxation by isoprenaline. The
slope of the Schild plot was 0.81 + 0.04 and the apparent dis-
sociation constant of propranolol was 12 + 5nM (n = 6).
Under similar conditions, adrenaline was less effective in
producing relaxation, the EC, being 1.6 + 0.4 uM (n = 4). The
slope of the Schild plot (0.83 + 0.03) was similar to that for
isoprenaline between 0.1 and 1uMm propranolol. However,
increasing the concentration of propranolol from 1 to 5um
produced only a very small further shift of the dose-response
curve. The apparent dissociation constant of propranolol (0.1-
1 um) for adrenaline-induced relaxation was 32 + 7nm (n = 4).

Discussion

Indomethacin (Smith & Lands, 1971) and meclofenamate
(Rome & Lands, 1975) are thought to interfere with prosta-
glandin biosynthesis mainly by inhibiting the cyclo-oxygenase
enzyme, but also by reducing the activity of phospholipase A,
(Kaplan et al, 1978; Thakkar et al., 1983). Therefore, the
reduction of muscle tone and the alteration of the adrenaline



response with meclofenamate and indomethacin observed in
the circular muscle of the guinea-pig stomach, suggest that
prostaglandins are involved in maintaining the muscle tone
and also in modifying the response to adrenaline. Meclofena-
mate may also act as a blocking agent of prostaglandin recep-
tors (McLean & Gluckman, 1983). This effect was not studied
in the present experiments, but since prostaglandin E, could
induce a clear contraction at less than 10 nm in the presence of
0.3 uM meclofenamate, the receptor blocking action against
prostaglandin E, in this tissue must be weak.

Since existing muscle tone affects the adrenaline-induced
change in muscle tone (Yamaguchi & Tomita, 1974), the
change of the adrenaline response into simple contraction in
the presence of meclofenamate may result from the decreased
muscle tone. However, full recovery of the response pattern
was never achieved by raising the muscle tone to the control
level with prostaglandin E, in the presence of meclofenamate,
and the response pattern differed depending on the substance
used to increase the muscle tone (e.g., prostaglandin E,, F,,,
carbachol) (unpublished observations). This suggests that the
change in pattern of the response to catecholamines is not
simply due to a fall in tone but to a decrease in production of
endogenous prostaglandins or related substances. Catechol-
amines are known to stimulate prostaglandin synthesis in
several tissues. This is probably caused by activation of phos-
pholipase A, (Trachte, 1987; Ho & Klein, 1987) or by involve-
ment of diglyceride lipase, following a process mediated by
phospholipase C activation (Bell et al., 1979; Irvine, 1982).

In the presence of meclofenamate, the contraction evoked
by adrenaline and phenylephrine was strongly inhibited by
prazosin, a blocking agent selective for a;-adrenoceptors. The
apparent pA, value of prazosin for adrenaline-induced con-
traction was 9.94, which is similar to that found in those
smooth muscles which have predominantly a,-adrenoceptors
(Agrawal et al., 1984). The contractile response to adrenaline
was very weakly inhibited by yohimbine (0.1-1 uM). The low
value of the slope of Schild plot (0.84) is probably due to
inhibitory effects exerted by f-adrenoceptor stimulation at
high concentrations of adrenaline, as will be discussed. The
idea that «,-adrenoceptors, rather than a,-receptors, are
responsible for the contraction is supported by the finding
that the weak contraction produced by clonidine was blocked
by prazosin. Adrenaline may stimulate o,-receptors to
prolong the slow contraction at a high concentration (30 uM),
because yohimbine shortens the duration of contraction, but it
may be concluded that a,-receptors are mainly responsible for
the contractile response to adrenaline and phenylephrine.
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Role of nitric oxide in maintaining vascular integrity in
endotoxin-induced acute intestinal damage in the rat

Tain R. Hutcheson, Brendan J.R. Whittle & 2Nigel K. Boughton-Smith

Department of Pharmacology, Wellcome Research Laboratories, Beckenham, Kent BR3 3BS

1 The role of endogenous nitric oxide (NO) in maintaining intestinal vascular integrity following acute
endotoxin (E. coli. lipopolysaccharide) challenge was investigated in the anaesthetized rat by use of N°-
monomethyl-L-arginine (L-NMMA), a selective inhibitor of NO synthesis.

2 L-NMMA (10-50mgkg~!, i.v.) pretreatment enhanced both the macroscopic and histological intesti-
nal damage and the increases in vascular permeability, measured as the leakage of ['?°I]-labelled human
serum albumen, induced after 15 min by endotoxin (50mgkg™?, i.v.).

3 The effects of L-NMMA (50mgkg~?, i.v.) were enantiomer specific, as D-NMMA had no effect. Fur-
thermore, these effects were reversed by L-arginine (300mgkg ™!, i.v.), the precursor of NO synthesis but
not by p-arginine (300mgkg ™!, i.v.).

4 L-NMMA (10-50mgkg~*, i.v.) increased mean systemic arterial blood pressure but this does not
appear to be the mechanism by which endotoxin-induced intestinal damage was enhanced, since similar
systemic pressor responses induced by phenylephrine (10 ugkg ™! min~', i.v.), had no such effect.

5 The results suggest that synthesis of NO from L-arginine has a role in maintaining the microvascular

integrity of the intestinal mucosa following acute endotoxin challenge.

Introduction

Endotoxic shock is characterized by hypotension, intravascu-
lar coagulation, increases in vascular permeability, haemo-
concentration and gastro-intestinal damage. These effects of
endotoxin may result from a direct action of this lipopolysac-
charide component of bacterial cell walls on the vascular
endothelium (Harlan et al., 1983; Meyrick et al., 1986) or as a
consequence of the release of secondary mediators (Parker &
Parillo, 1983). In recent studies the vasoactive mediators,
platelet activating factor (PAF) and thromboxane A, (TXA,),
were found to play key roles in the gastro-intestinal haemor-
rhagic damage induced by endotoxin in the rat (Wallace et al.,
1987; Whittie et al., 1987; Boughton-Smith et al., 1989). In
other studies prostacyclin, which is a potent vasodilator and
inhibitor of platelet aggregation, attenuated the pathological
effects of endotoxin (Lefer et al., 1989; Krausz et al., 1981;
Smiith et al., 1985; Ditter et al., 1988).

Other endogenous mediators that affect the vasculature
may also have a protective role and therefore be involved as a
defence mechanism in endotoxic shock. Interest has recently
focused on nitric oxide (NO), the labile vasodilator formed
from L-arginine by endothelial cells (Palmer et al., 1987; 1988),
and which was originally characterized as endothelium-
derived relaxing factor or EDRF (Furchgott & Zawadzki,
1980; Furchgott, 1983). In addition to endothelial cells, NO
can also be formed by other cells, including macrophages and
neutrophils (Hibbs et al., 1988; Marletta et al., 1988; McCall
et al., 1989), which may be involved in endotoxic shock. The
synthesis of NO by these cells can be selectively inhibited by
the L-arginine analogue, NC€-monomethyl-L-arginine (L-
NMMA) (Hibbs et al., 1987; Palmer et al., 1988; McCall et al.,
1989). Inhibition of endothelial-derived NO by L-NMMA in
anaesthetized animals produces an increase in systemic
arterial blood pressure and inhibits the hypotensive action of
acetylcholine and other endothelium-dependent vasodilators
(Rees et al., 1989; Whittle et al., 1989), suggesting that NO
may have an important regulatory role on the vasculature in
vivo. In the present study, therefore, the role of endogenous
NO in maintaining vascular integrity in a model of endotoxin-

! Present address, Department of Radiology, University Hospital of
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induced acute intestinal damage in the rat was investigated
using L-NMMA.

A preliminary account of some of this work has been pre-
sented to the British Pharmacological Society (Hutcheson et
al., 1990).

Methods

Endotoxin-induced jejunal damage

Male Wistar rats (225-275 g) which had been deprived of food
but not water overnight (18-24h) were anaesthetized with
sodium pentobarbitone (60mgkg~!, i.p) and a 25 gauge
needle (Butterfly-25, Venisystems) inserted into a tail vein.
Lipopolysaccharide from E. coli (LPS) was administered as a
bolus intravenous injection (4mlkg~!) at a dose of
50mgkg~!, which in preliminary dose-range studies gave a
moderate degree of intestinal damage. Control animals
received isotonic saline (4mlkg™!) by the same route. After
15min, a segment of jejunum (6cm) taken from a region 10—
15cm distal to the pylorus was opened longitudinally and
gross macroscopic damage assessed by use of a scoring system
of 0 (normal) to 3 (severe damage) based on the degree of
hyperaemia and vasocongestion by an observer unaware of
the treatment (Boughton-Smith et al., 1989).

Histological damage, in wax-embedded sections (4 um) of
jejunum stained with haemotoxylin and eosin, was assessed
under light microscopy in a randomised manner and a scoring
system was used where; O = normal; 1 =focal regions of
vasocongestion; 2 = extensive vasocongestion of the sub-
epithelial vessels and congestion to the deeper mucosa;
3 = extensive vasocongestion of the entire depth of the
mucosa and submucosal haemorrhage.

Plasma leakage

The vascular permeability and haemorrhage produced by LPS
was determined as the gastrointestinal leakage of '2*I-labelled
human serum albumen ([!2°I]-HSA, 10 «Ci, 37 GBq) adminis-
tered 20-30min before LPS or saline as a bolus intravenous
injection (150 ul). After a further 15min, a segment of jejunum
(6 cm) was taken as described above, blotted dry, weighed (wet
weight) and ['?°I]-HSA measured with a gamma spectrom-



816 ILR. HUTCHESON et al.

eter (Nuclear Enterprises, NE1600). [1251]-HSA was deter-
mined in plasma (100 ul) prepared (2min; 900g) from blood,
drawn from the abdominal aorta and plasma leakage
expressed as ul g~ ! of tissue.

Blood pressure and haematological analysis

A carotid artery of the anaesthetized rat was cannulated for
measurement of systemic arterial blood pressure (Elcomatic
EM 750A pressure transducer). In addition, blood samples
(100ul) were collected from the carotid arterial cannula,
immediately prior to and 15min after LPS, for the determi-
nation of leukocytes (WBC), erythrocytes (RBC) and haemato-
crit (HCT) on a Clay Adams Haematology Analyser 5.

Drug treatment

Groups of rats were pretreated with L-NMMA (10, 25 or
50mgkg~"), its D-enantiometer, D-NMMA (50mgkg~?!) or
saline, 15min prior to LPS injection. The doses of L-NMMA
were chosen from previous studies in which they were shown
to inhibit endothelium-dependent vasodilatation in vivo and
the ex vivo generation of NO by vascular tissue (Rees et al.,
1989; Whittle et al., 1989). In experiments to determine the
specificity of L-NMMA, L-arginine (150-300mgkg~?') or D-
arginine (300mgkg ') were injected intravenously 5min after
L-NMMA. To determine the importance of the systemic
hypertension induced by L-NMMA, control studies were
undertaken in which Smin prior to LPS, the a-adrenoceptor
agonist phenylephrine (10ugkg™!min~') was administered
into a cannulated femoral vein, at a dose that provided a
similar increase in blood pressure to that produced by
L-NMMA (50mgkg~!) and continued for 20 min.

Drugs and materials

NCS-monomethyl-L-arginine (L-NMMA) and its enantiomer,
D-NMMA, were synthesized in the Department of Medicinal
Chemistry, WRL by Dr H. Hodson. E. coli lipopolysaccharide
(0111:B4), L- and D-arginine and phenylephrine were from
Sigma Chemical Company and ['2I]-labelled human serum
albumen was from Amersham International.

Statistical analysis

The data are expressed as the mean + s.e.mean of (n) rats per
experimental group. Statistical comparisons for parametric
data were made by Student’s ¢ test for unpaired data, except
for haematological studies in which a Student’s ¢ test for
paired data was used. The Mann-Whitney U-test was used for
statistical comparisons of non-parametric data. A probability
of P < 0.05 was considered as statistically significant.

Results

Jejunum damage

As shown in Figure 1, LPS (50mgkg~! i.v.) produced a sig-
nificant level of damage in the rat jejunum after 15min,
(P < 0.05 compared to saline control) which was characterized
macroscopically as a diffuse hyperaemia (damage score,
1.3+£02, n=15). L-NMMA (10-50mgkg~!, i.v.) adminis-
tered prior to LPS, dose-dependently enhanced the jejunal
damage. The higher dose of L-NMMA produced extensive
damage, with haemorrhage into the jejunal lumen. The enan-
tiomer, D-NMMA (50mgkg~') had no significant effect on
LPS-induced jejunal damage (Figure 1). In control experi-
ments, treatment with L-NMMA (50mgkg~!) alone did not
produce jejunal damage (n = 4). Administration of L-arginine
(150 and 300mgkg™?, i.v.) after L-NMMA, dose-dependently

*

Damage score

o N

10

o-NMMA L-Arg o-Arg
t-NMMA _—
L-NMMA
(50 mm kg ™" i.v.)
Figure 1 Enhancement of E. coli lipopolysaccharide (LPS;

50mgkg~!, i.v.)}-induced macroscopic jejunal damage in the rat by
pretreatment with NS-monomethyl-L-arginine. (L-NMMA, 10-
50mgkg™!, i.v.) and the effect of L-arginine (150 and 300mgkg ™!, i.v.)
or p-arginine (300mgkg~", i.v). Jejunal damage was scored macro-
scopically (0-3 scale) in a randomized manner in segments of tissue
taken 15min after LPS. Results are the mean and vertical bars indi-
cate s.e.mean of n (number in column) rats per experimental group.
Statistically significant difference from LPS control, is shown as
* P < 0.05 and the effect of L-arginine as 1 P < 0.05.

inhibited the enhancement of LPS-induced jejunal damage.
Thus, L-arginine (300mgkg™') completely reversed the
damage to the level produced by LPS alone, whereas D-
arginine (300mgkg~!) had no significant effect (Figure 1). L-
Arginine (300mgkg~") alone had no significant effect on the
jejunal damage produced by LPS alone (n = 4).

Histological damage

LPS produced moderate vasocongestion in the jejunal villi
(score 0.9 + 0.1, n =4) as shown in Figure 2. However, as
described for the macroscopic damage, pretreatment with
L-NMMA (50mgkg~') enhanced the jejunal vasocongestion
produced by LPS and also induced distinct haemorrhage
(Figure 2). Furthermore, the enhancement of histological
damage was reduced (80 + 24% inhibition, n = 6, P < 0.05) by
L-arginine (300mgkg™!, i.v.) but not by p-arginine (Table 1).

s

Figure 2 Section of jejunum from rat treated with E. coli lipopoly-
saccharide (LPS: 50mgkg~", i.v.) (a) alone or (b) following pretreat-
ment with N®-monomethyl-L-arginine (L-NMMA, 50mgkg~!, iv.).
The vasocongestion following LPS is limited to the upper portion of
the jejunal villi. In animals pretreated with L-NMMA, the vaso-
congestion and engorgement extent throughout the entire depth of the
mucosa. In addition there is haemorrhage and loss of cells from the
tips of the villi. (Haematoxylin and eosin).
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Table 1 Enhancement of E. coli lipopolysaccharide (LPS)-
induced jejunal damage by N®-monomethyl-L-arginine (L-
NMMA) and prevention by L-arginine

Treatment Histological % LPS

(mgkg™!'iv) (n) damage control

LPS (50) @ 09+01 100 + 11

LPS + L-NMMA (50) ©) 2.7 £ 0.2** 300 1 22**

LPS + L-NMMA ©) 1.3+04 144 + 44
+ L-arginine (300)

LPS + .L-NMMA (U] 2.6 £+ 0.3** 289 + 33*+

+ D-arginine (300)

Histological jejunal damage after 15min was assessed in sec-
tions (4 um) stained with haematoxylin and eosin in a ran-
domised blinded manner by a scoring system of 0 = normal;
1 =focal regions of vasocongestion; 2 = extensive vaso-
congestion of subepithelial vessels and congestion of deeper
mucosa; 3 = extensive vasocongestion of the entire depth of
the mucosa and mucosal haemorrhage. Results are given as
mean + s.e.mean of (n) experiments, where statistical signifi-
cant difference from control using Mann-Whitney U-test is
shown as ** P < 0.01.

Plasma leakage

LPS alone produced a significant plasma leakage into the
jejunum (net leakage, 286 +44ulg™' of tissue, n =10,
P < 0.001) that was enhanced dose-dependently by pretreat-
ment with L-NMMA (10-50mgkg~!) as shown in Figure 3.
At the highest dose, L-NMMA (50mgkg~") enhanced net
plasma leakage by 70 +4% (n=13, P <001), whilst
p-NMMA (S0mgkg™!) had no effect. L-Arginine
(300mgkg™!), inhibited the enhanced plasma leakage
(85 + 15% inhibition, n = 5, P < 0.05) produced by L-NMMA
(50mgkg ", i.v.), whereas D-arginine (300mgkg™?, i.v.) was
without effect (Figure 3).

LPS also induced plasma leakage in the stomach, duo-
denum and ileum (Figure 4) and this was also significantly
(P <005) enhanced by pretreatment with L-NMMA
(50mgkg~"). There was, however, no significant plasma
leakage in the colon after LPS alone, or following pretreat-
ment with L-NMMA (Figure 4).
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Figure 3 Enhancement of E. coli lipopolysaccharide (LPS;

50mgkg~?, i.v.) induced increases in intestinal plasma leakage by
pretreatment with NS-monomethyl-L-arginine (L-NMMA, 10-
50mgkg~!, i.v) and the effect of L-arginine (L-Arg, 300 mg kg1, iv)
or p-arginine (D-Arg, 300mgkg~! i.v.). The leakage of ['?°I]-labelled
human serum albumen after 15 min administered i.v. 30-40min prior
to LPS was measured in segments of rat jejunum. Results are the
mean, and vertical bars indicate s.e.mean of n (number in column) rats
per group. Statistically significant difference from LPS control is
shown as ** P < 0.01 and the effect of L-arginine as + P < 0.05.
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Figure 4 Increases in plasma leakage induced by E. coli lipopolysac-
charide (LPS, 50mgkg™!, iv.) in different regions of the gastro-
intestinal tract and enhancement by NC¢-monomethyl-L-arginine (L-
NMMA, 50mgkg~!, iv). The plasma leakage of ['2*I}-labelled
human serum albumen, administered 30-40min before either saline
(open columns) LPS (stippled columns) or LPS and L-NMMA
(hatched columns) was measured in segments of gastro-intestinal
tissue after 15min. Results are the mean and vertical bars indicate
semean of 4 rats per group. Statistically significant differences
between either saline control vs LPS or between LPS vs LPS and
L-NMMA are shown as * P < 0.05, ** P < 0.01.

Systemic arterial blood pressure

The initial resting mean systemic arterial blood pressure (BP)
of 127 + 4mmHg was reduced to 90 + 8mmHg(n = 11,
P < 0.05), 15min after LPS. L-NMMA (10-50mg kg~*, i.v.)
produced a dose-dependent increase in BP (of 22 + 1 mmHg;
28 + 3mmHg and 31 + 2mmHg, at 10, 20 and 50mgkg™!
respectively, P < 0.001, n = 4), that persisted for the duration
of the experiment (30 min). The systemic vasopressor effect of
L-NMMA (50mgkg~!) did not, however, prevent the decrease
in BP induced by LPS, which fell to a level (95 + SmmHg,

= 15), not significantly different from that induced by LPS
alone. When L-arginine (300 mgkg~!) was administered 5min
after L-NMMA, BP returned to resting levels within 5min,
while Dp-arginine (300mgkg™') did not reverse the pressor
effects of L-NMMA (n = 4). 0-NMMA (50mgkg™~") had no
significant effect on BP (n = 4).

Haematological analysis

The mean haematological parameters for control blood
samples were HCT, 48 + 1%; RBC, 6.8 + 2 x 10mm~? and
WBC, 5.8 + 0.4 x 10> mm™~3. LPS induced a small increase in
HCT (7 + 1% increase above control, n =6, P < 0.05) and
RBC count (12 + 1% increase, n = 6; P < 0.01) after 15min
(Figure 5). Pretreatment with L-NMMA (50mgkg~') mark-
edly potentiated the increase in HCT and RBC produced by
LPS (to 30 + 3% and 21 + 5% increase above control HCT
and RBC respectively, (n = 8, P < 0.01). Despite the haemo-
concentration induced by LPS alone and following pretreat-
ment with L-NMMA, there was no significant change in WBC
count. There was, however, a reduction in the WBC/RBC
ratio of 11 + 1% (n = 6) after LPS and of 18 + 2% (n = 8)
after L-NMMA and LPS, suggesting a relative loss of leuco-
cytes from the circulation. The haematological parameters
were not affected by L-NMMA (50mgkg™!) or L-arginine
(300mgkg~!) alone (n = 4).

Effect of phenylephrine

Intravenous infusion of phenylephrine (10 ugkg ™! min~*) pro-
duced a sustained increase in BP of 32 + 7TmmHg (n = 3),
comparable to that induced by L-NMMA (50mgkg™").
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Figure 5 Enhancement of E. coli lipopolysaccharide (50mgkg™",
i.v.)-induced increases in (a) red blood cell count (RBC) and (b) hae-
matocrit (HCT) by pretreatment (15min) with NS-monomethyl-L-
arginine (L-NMMA, 50mgkg™!, i.v.. RBC and HCT were measured
in blood samples collected from the carotid artery before (time 0) and
15min after saline (open columns), LPS (stippled columns) or
L-NMMA and LPS (hatched columns). Results are the mean, vertical
bars indicate s.e.mean of 5-8 rats per group. Statistically significant
difference from saline control is shown as * P < 0.05 and enhancement
above LPS control as t11 P < 0.001.

However, concurrent administration of phenylephrine did not
significantly affect the jejunal damage (score, 0.8 + 0.6, n = 3)
or net plasma leakage (215 + 70 ulg™! tissue, n = 3) induced
by LPS.

Discussion

The present study demonstrates that the arginine analogue,
L-NMMA, a specific inhibitor of NO synthesis (Palmer et al.,
1988), enhances LPS-induced intestinal damage that occurs
after 15min and that the enhancement is prevented by L-
arginine, the physiological precursor of NO synthesis. These
findings, therefore, indicate that the synthesis of NO from L-
arginine has an important role in maintaining the integrity of
the intestinal mucosa following acute challenge with LPS.

The enhancement by L-NMMA of the acute macroscopic
and histological jejunal damage and the plasma leakage
induced by LPS was enantiomer specific, since D-NMMA,
which does not inhibit NO biosynthesis (Palmer et al., 1988),
had no effect, while the effects of L-NMMA were not reversed
by D-arginine. The nature of the jejunal damage, which
involved vasocongestion and distinct haemorrhage, implicates
vascular injury as an important primary event. In addition to
these local intestinal effects, L-NMMA also enhanced the
increase in systemic erythrocyte count and haematocrit pro-
duced by LPS, suggesting changes in vascular permeability.

Although in the present study, L-NMMA did not attenuate
the acute fall in blood pressure induced by this dose of LPS,
its systemic vasopressor effects may have confounded any dis-
tinct inhibitory actions. Thus, the contribution of endogenous
NO release in the complex cardiovascular changes associated
with endotoxin shock is not clear. These systemic vasopressor

actions of L-NMMA do not seem to be the mechanism of
enhanced intestinal damage, since phenylephrine, infused at a
dose sufficient to produce a similar vasopressor response as
L-NMMA, did not enhance LPS-induced intestinal damage. It
is possible however, that L-NMMA and phenylephrine may
exert differential local responses in vascular beds, and the
effect of L-NMMA on the jejunum may thus be a consequence
of changes in regional microvascular blood flow. The inhibi-
tion of NO synthesis by L-NMMA may, by removing this
endogenous vasodilator, indirectly produce local vasoconstric-
tion and decrease intestinal vascular perfusion. Indeed,
L-NMMA substantially decreases vascular conductance in the
mesenteric vascular bed of conscious rats (Compton et al.,
1989; Gardiner, 1990). In addition, L-NMMA in comparable
doses to those used in the present study, has been shown to
decrease rat gastric mucosal blood flow (Pique et al., 1989)
and also to lead to mucosal damage when the release of other
local vasodilator mediators was concurrently inhibited
(Whittle et al., 1990).

In previous studies, inhibitors of the potent vasoconstrictor
TXA, attenuated the intestinal damage produced by LPS
(Boughton-Smith et al., 1989). Therefore, the extent of intesti-
nal damage may depend on the local balance within the intes-
tinal microcirculation of damaging vasoconstrictors and
protective vasodilators. Indeed, in animal models of endotoxic
shock, infusion of the potent vasodilator, prostacyclin, exerted
protective effects (Lefer et al., 1989; Krausz et al., 1981; Smith
et al., 1985; Ditter et al., 1988), which were attributed to vaso-
dilatation, as well as to inhibition of platelet aggregation and
suppression of thromboxane formation. Since NO is also a
potent vasodilator that inhibits platelet aggregation, and in
addition can inhibit platelet adhesion to the vascular endothe-
lium (Radomski et al., 1987a,b) it may, like prostacyclin, have
a local protective role under these conditions. The simulta-
neous activation of adenylate cyclase by prostacyclin and of
guanylate cyclase by NO, as has been demonstrated in plate-
lets (Radomski et al, 1986c), may produce a potentiating
interaction on different cells affecting the vasculature, and
thereby act synergistically to maintain vascular integrity. The
effects of NO-releasing nitrovasodilators, alone or in com-
bination with prostacyclin, in models of vascular damage such
as that following endotoxic shock therefore warrant investiga-
tion.

The enhancement of acute intestinal damage by L-NMMA
resulted in haemorrhage, and therefore the observed increases
in intestinal plasma leakage ([*2°I]-HSA) represent, at least in
part, overt vascular damage. The marked enhancement by
L-NMMA of LPS-induced haemoconcentration, suggests that
a significant part of the plasma leakage is also due to a pro-
found increase in vascular permeability. The mechanism by
which the removal of NO by L-NMMA may reduce blood
flow to the jejunum but paradoxically increase plasma leakage
is not clear, but may reflect the substantial extent to which
vascular integrity is compromised by LPS.

Several studies have shown that LPS can stimulate the syn-
thesis of NO. Treatment in vivo with E. coli LPS increases the
amount of NO; , an oxidative product of NO, in the urine of
rats (Wagner et al., 1983) and in the blood of mice (Stuehr &
Marletta, 1985). Furthermore, in a study in vitro, LPS stimu-
lates the formation of NO-like activity by vascular endothe-
lium (Salvemini et al., 1989) and increases NO, NO; and
NOj; production by mouse macrophages, (Stuehr & Marletta,
1985; Marletta et al., 1988). In addition, the synthesis of NO
by rat neutrophils can be stimulated by the bacterial peptide
fMet-Leu-Phe (FMLP) and leukotriene B, (McCall et al.,
1989). In the present study, therefore, the enhancement of
acute intestinal damage by L-NMMA could be due to both
inhibition of the basal synthesis of NO and also prevention of
increases in NO synthesis by leukocytes or endothelial cells in
response to LPS stimulation. The failure of L-arginine to
reverse the intestinal damage produced by LPS alone suggests
that under these conditions, there is sufficient endogenous
substrate for NO synthesis to be maximally stimulated.
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The mechanisms by which LPS increases vascular per-
meability, vascular damage and haemorrhage in the jejunum
may also involve the generation of reactive oxygen molecules.
Endotoxin can prime phagocytic leukocytes to release oxygen
radicals (Pabst & Johnston, 1980; Weiss & LoBuglio, 1982)
and can stimulate the formation of oxygen radicals indirectly
by releasing secondary mediators, such as PAF, or by activa-
tion of the complement system which additionally stimulate
neutrophils (Sacks et al., 1978). There is considerable evidence
that oxygen radicals derived from activated neutrophils can
damage endothelial cells and produce increases in vascular
permeability (Fantone & Ward, 1982, for review). In addition,
the small intestine is also particularly sensitive to ischaemia-
reperfusion injury, which has been shown in a cat model to be
neutrophil- and oxygen radical-dependent (Granger et al.,
1981; Hernandez et al., 1987). This may explain why in the
present study, the plasma leakage induced by LPS and its
enhancement by L-NMMA was greatest in the small intestine,
with no effect on the colon. Therefore, the mechanism of intes-
tinal injury by LPS may involve reactive radicals formed by
either activated leukocytes, or possibly, by endothelial cells.
Studies in vitro have shown that NO can interact with the
superoxide radical (O, ) to produce a loss in activity of both
moieties (Palmer et al., 1987; McCall et al., 1989). Further-
more, similar biological effects of stimulated neutrophils on
platelet aggregation can be achieved by either scavenging O;
with superoxide dismutase or by the addition of L-arginine,
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The effects of drugs on Sephadex-induced eosinophilia and lung

hyper-responsiveness in the rat
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1 Rats given an intravenous injection of Sephadex particles (0.5 mg of G200 in 1 ml of saline) on days 0,
2 and 5 had a blood eosinophilia which was maximal on day 7.

2 On day 7, broncho-alveolar lavage (BAL) fluids taken from the rats contained an increased number of
eosinophils and fewer mononuclear cells but there was no change in the small number of neutrophils. In
addition the rats were hyper-sensitive to the increase in resistance to artificial respiration produced by
5-hydroxytryptamine (5-HT), given intravenously, with a shift to the left of the log dose-response curve.
Lung parenchymal strips, taken from the rats on days 6, 7 and 8, were hyper-reactive to 5-HT with an
increase in slope of the log dose-response curve.

3 Compounds with a wide variety of activities were evaluated for their effects on the blood eosinophilia
on day 7 when given before each injection of Sephadex. The eosinophilia was reduced by glucocorticos-
teroids, f-adrenoceptor agonists, aminophylline, dapsone and phenidone.

4 Dexamethasone, isoprenaline, dapsone and phenidone at doses that reduced the blood eosinophilia
also reduced the changes in number of leucocytes in the BAL fluids and the hyper-responsiveness to 5-HT
in vivo and in vitro, except that the effects of dapsone on the hyper-sensitivity to 5-HT in vivo did not
reach significance. Aminophylline was the least effective of the drugs at reducing the blood eosinophilia
and its effects on the other changes did not reach significance. Sodium cromoglycate reduced the BAL
eosinophilia but had no effect on the other changes produced by Sephadex.

5 The correlation coefficients between blood eosinophil numbers and reactivity to 5-HT in vitro and
sensitivity in vivo were r = 0.76, (n = 88; P < 0.001) and r = 0.53, (n = 61; P < 0.001) respectively.

6 Doses of dexamethasone, isoprenaline, dapsone and phenidone that reduced the blood eosinophilia
when given before each injection of Sephadex were inactive when given up to 8 h after the Sephadex.

7 These data show an association between blood eosinophilia and hyper-responsiveness of the lung. The
blood eosinophilia in the rats was triggered within the first few hours of injecting the Sephadex and drugs

have been identified which inhibit this trigger.

Introduction

The need for a new treatment for asthma is highlighted by the
current increase in prevalence, severity and mortality of the
disease in many developed countries (Mitchell, 1985; Friday
& Fireman, 1988). It is now recognised that chronic asthma
involves an inflammatory response in the lung and that treat-
ments should be directed to reducing this (Barnes, 1989). The
inflammatory response is characterized by the presence of the
eosinophil which is thought to contribute to the pathology of
the disease (Wardlaw & Kay, 1987; Gleich et al., 1988). The
peripheral blood eosinophil count in asthma correlates with
the severity of the disease and there is a direct relationship
between the ability of glucocorticosteroids to reduce blood
eosinophil counts in asthma and clinical benefit whether given
orally (Horn et al., 1975) or by inhalation (Harris, 1980). Asth-
matics have an exaggerated response to a wide variety of
stimuli that can produce an increase in resistance to airflow in
the lung and the responsiveness of asthmatics to inhaled hista-
mine was found to correlate with the blood eosinophil count
(Taylor & Lukza, 1987). The evidence suggests therefore that a
compound that reduced eosinophilia in asthmatics would be
of clinical benefit.

We have produced a blood eosinophilia in rats by the intra-
venous injection of Sephadex particles (Laycock et al., 1986).
We have used this model as a screen to detect compounds
which reduce eosinophilia. The blood eosinophilia was accom-
panied by an increase in number of eosinophils and a fall in
number of mononuclear cells in the broncho-alveolar lavage
(BAL) fluids of the rats and, in addition, the lungs of the rats
were hyper-responsive to the spasmogenic effects of 5-HT in

! Author for correspondence.

vivo and in vitro (Spicer et al., 1989). We have investigated the
effects of reducing the blood eosinophilia with drugs on these
other changes.

Methods

Administration of Sephadex and drugs

Sephadex G200, particle size 40 to 120 um, when fully swollen
in water, was suspended in sterile, isotonic saline at
0.5mgml~! and stored at 4°C for 48 h; 1 ml of the suspension
was injected intravenously into the hind foot vein of Charles
Rivers Sprague Dawley rats, 250-350g, on days 0, 2 and S.
Rats in a control group received saline. Drugs were given
before each injection of Sephadex and, in most experiments,
with a contact time expected to give maximum activity at the
time of the administration of the Sephadex. Six rats, in a
control group, were given Sephadex without a drug each time
that drugs were evaluated for their effects on leucocyte
numbers in the blood or broncho-alveolar lavage fluids.

The drugs were given parenterally as freshly made neutral
solutions in isotonic saline or orally as solutions or suspen-
sions in 0.5% methylcellulose at 0.2 ml for every 100 g of body
weight.

Broncho-alveolar lavage

Rats were anaesthetized by the intraperitoneal injection of
Sagatal at 0.1ml 100g~! of body weight. The trachea were
cannulated and 1.5ml of isotonic saline, containing
6unitsml~! of heparin, was injected into the airways from a
syringe connected to the cannula. The liquid was gently
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sucked back into the syringe and transferred to the centrifuge
tube. This was carried out 4 times. The combined washings, (4
to S5ml), were centrifuged at 150g for Smin, the supernatant
removed and the pellet resuspended in 500ul of saline.
Samples of 20 ul were used to determine leucocyte counts. The
number of cells are quoted as millions per ml of the suspen-
sion in the 500 ul of saline.

Total and differential leucocyte counts

Samples of blood (20 ul) taken from the tail vein of the rats, or
resuspended BAL fluid, were added to 10ml of Isoton II, and
within 30 min, Zaponin (3 drops) was added, to lyse the eryth-
rocytes, 5Smin before the determination of total cell counts
with a Coulter Counter Model DN. Differential leucocyte
counts were carried out by fixing and staining a blood smear
on a microscope slide with May-Grunwald and Giesma stains.
Smears of BAL fluid were stained with a Wright’s and Giesma
stain (Speirs & Dreisback, 1956). A minimum of 400 cells was
counted on each slide. Blood and BAL fluids were collected
between 09 h 00 min and 11 h 00 min.

Preparation of lung strips

Blood samples, for leucocyte counts, were taken from the tail
vein of rats which were then stunned and bled and the heart
and lungs removed and placed in a modified Tyrode solution
at room temperature, containing (g1~*): NaCl 8.0, NaHCO,
1.0, glucose 1.0, NaH,PO, 0.032, MgCl, 0.2, KCl 0.04 and
CaCl, 0.05. The initial 2 to 3 mm of the left lobe was removed
and then two consecutive strips were cut at right angles to the
bronchus 3 to 4mm wide. The lung strip was suspended in
4 ml organ baths which contained modified Tyrode solution at
37°C through which was bubbled a mixture of 95% O, and
5% CO, . The response of the tissue was recorded with a UFI
isometric transducer and a Kipp and Zonen 2 channel pen
recorder. A tension of 1g was applied to the tissue and the
tissue was allowed to stabilize for 1h. During this time the
bathing fluid was changed by upward displacement at 15 min
intervals and the tension restored after each wash.

Cumulative dose-response curves of the parenchymal lung
strips to 5-hydroxytryptamine

5-Hydroxytryptamine (5-HT), as its creatinine sulphate salt,
was dissolved in isotonic saline at a concentration of
800 ugml~?! of the free base. The solution was then diluted by
- five-fold serial dilutions seven times to 10.24 ngml~'. Volumes
of 0.1 ml of each concentration of 5-HT, starting with the most
dilute, was added in turn to the organ bath at 3 min intervals,
without washing out, to produce a cumulative dose-response
curve. The area under the log dose curve was calculated over
the concentration range of S5-HT from 14 x 107° to
1.2 x 10™*M against the increase in tension over 1g. Three to
four animals were given Sephadex and carrier fluid without
drug on each occasion that a drug was evaluated. The results
obtained on both lung strips from each animal were used to
compare the effects of treatments. Some of the lung strips were
weighed after the dose-response to 5-HT was obtained. The
strips were placed on blotting paper to remove excess solution
before weighing.

Increase in resistance to artificial respiration produced by
5-HT

Resistance to respiratory airflow was measured in anaes-
thetised artificially respired rats by the overflow method of
Konzett & Rossler (1940). Rats were anaesthetized by the
intraperitoneal injection of a 25% urethane solution in saline
(0.6ml 100g~! of body weight). The trachea was cannulated
and the animal was artificially respired with a Palmer Ideal
respiratory pump set to exceed the normal lung capacity at
90strokesmin~!. The overflow volume was measured with

Ugo Basile monitor No. 7020 with a Devices DC 3461 ampli-
fier connected to a Devices MX212 recorder. The carotid
artery was cannulated for recording blood pressure with a Bell
and Howell type 4-422-0001 physiological pressure transducer
connected via a Devices 3552 amplifier to the Devices record-
er. The jugular vein was cannulated for intravenous dosing.
The level of anaesthesia was maintained to suppress sponta-
neous respiration, by the intraperitoneal injection of addi-
tional urethane when required.

The 100% resistance to respiratory airflow was taken as the
overflow volume obtained by momentarily clamping the air
supply to the trachea and the zero value was the maximum
overflow volume during the normal respiratory cycle. After
allowing the animal to stabilize for 30 min, doses of 5-HT
were given intravenously in 0.1 ml of saline at Smin intervals,
starting with a dose of 1.5ugkg~!, as the free base, and
increasing by two fold serial amounts until the resistance to
respiratory airflow was in excess of 80% of maximum, or a
dose of 96 ugkg ™! of 5-HT was reached. The doses of 5-HT in
excess of threshold produced a rapid increase in overflow
volume which returned to the baseline more slowly and was
ended by momentarily clamping the overflow tube if it had
not returned to baseline after 3 min. To confirm that the sensi-
tivity of the rat to 5-HT had not changed during the experi-
ment, the dosing with 5-HT was repeated. For each rat, the
second dose-response curve was not significantly different
from the first. Both sets of results were used to plot two dose-
response curves for each rat. Rats were tested in groups and
treatments were randomised within the groups, each contain-
ing at least one positive and one negative control rat, given
either Sephadex or saline, respectively, without drugs. The log
dose-response curves for each rat were plotted and the ED,,
values were estimated.

Hyper-sensitivity and hyper-reactivity

We have used the term hyper-sensitivity to mean a parallel
shift to the left of the log dose-response curve, with hyper-
reactivity being used to describe an increase in the steepness
of the slope, as suggested by Orehek et al. (1977), with hyper-
responsiveness being used as a general term.

Correlation between number of eosinophils in the blood
and the responsiveness to 5-HT

The numbers of eosinophils in the blood of rats was deter-
mined from differential leucocyte counts made from blood
samples taken from the tail veins of the rats immediately
before taking lung strips or anaesthetising the rats for mea-
surement of resistance to artificial respiration. Lung strips
were taken on days 6, 7 or 8 and measurements of resistance
to artificial respiration were made on day 7. The number of
eosinophils in the blood was compared with the area under
the log dose-response curve for the lung strips in vitro or with
the log,, of the ED,, value in vivo. The mean of the two
determinations made for each rat was used. Data from all the
rats in the treatment groups shown on Table 3 were used
except that data for rats given indomethacin were not used for
the correlations between blood eosinophilia and sensitivity in
vivo since indomethacin appeared to potentiate the sensitivity
to 5-HT.

Drugs and chemicals

Sodium cromoglycate was a gift from Fisons. Phenidone (1-
phenyl-3-pyrazolidone) was obtained from Sigma. Dexa-
methasone sodium phosphate solutions were prepared from a
Decadron solution, 4mgml !, purchased from Merck Sharpe
and Dohme. Urethane, Giemsa, May Grunwald and Wrights
stains were from BDH, heparin sodium (mucous), 1000uml~!
from Weddel, Isoton 11 and Zaponin from Coulter Elec-
tronics, Sagatal (pentobarbitone sodium 60mgml~') from
May and Baker, and Sephadex G200 from Pharmacia. Other
compounds were obtained from commercial suppliers.



Statistical analyses

The variability of the results for blood and BAL leucocyte
numbers was examined using residual plots following an
analysis of variance. Analyses on a logarithmic scale were
found to be more appropriate. For BAL neutrophils, analysis
was performed on log 10 (x + 0.005) because of recorded zero
counts. Results for Sephadex-treated control animals varied
significantly over experiments and therefore treatments were
assessed relative to control means within experiments. For
each treatment the difference between its mean value and that
for its control was calculated and a weighted mean difference
was derived over experiments to allow for unequal replication.
The weights used were the reciprocals of the variances of the
differences, using a pooled error term from all treatment and
control groups. Differences were derived on a logarithmic
scale with 95% confidence intervals, which when back trans-
formed represented ratios between geometric means. Addi-
tionally P values (2 tailed) were determined for these
comparisons. Results were quoted as geometric means with
95% confidence intervals or as arithmetic means with
s.e.mean.

Results for areas under the 5-HT dose-response curve on
lung strips were analysed in a similar way. Control mean
values were found to be consistent over experiments and treat-
ment comparisons were made against a pooled control mean.

The responses to 5-HT in vivo were analysed in terms of
log,, ED;, values comparing each treatment group with the
Sephadex-treated controls by Student’s ¢ test (unpaired, two-
tailed). The mean values and s.e.mean were used to derive geo-
metric means with corresponding 95% confidence intervals.

Correlation coefficients were computed by least square
analysis. The significance of the differences between other
results was assessed by unpaired Student’s ¢ test (two-tailed).

Results
Effects of drugs on Sephadex-induced blood eosinophilia

Rats given Sephadex intravenously on days 0, 2 and 5 had an
increase in number of eosinophils in the blood which reached
a maximum on days 7 to 8 (Figure 1). There was no change in
number of other blood leucocytes at the times measured.
Compounds, with a variety of pharmacological activities were
tested for their ability to reduce the blood eosinophilia, on
day 7, when given before each injection of Sephadex. Most
were inactive (Table 1) but the eosinophilia was reduced by
the adrenoceptor agonists, isoprenaline, salbutamol, and
adrenaline and by aminophylline, glucocorticosteroids, as
exemplified by dexamethasone and triamcinolone, and by
phenidone and dapsone (Figure 2).

The drugs had no effect on numbers of other leucocytes in
the blood except for dapsone and the glucocorticosteroids.
Dapsone at 100mgkg™! given orally, 30min before each
injection of Sephadex, increased the number of mononuclear
cells (from 9.7 + 0.67 x 10°ml~ !, in control animals given
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Figure 1 The number of eosinophils in the blood of rats given an
intravenous injection of Sephadex, G200, 0.5mg in 1 ml of saline (O),
or saline (@), on days 0, 2 and 5. Blood was collected before the
injections on the days when they were given. The values are arithmetic
means of n = 12 or more for Sephadex-treated rats and 6 or more for
rats given saline; s.e.mean shown by vertical bars.

Sephadex alone, to 12.7 + 0.9 x 10°ml~?!, P < 0.001, n = 43)
and neutrophils (from 2.8 + 0.27 x 10°ml~! to 3.7 + 0.22 x
10°ml~!, P <0.001). Dexamethasone at 0.1mgkg™!
reduced the number of mononuclear cells (from 11.0 +
0.75 x 10°ml~! to 7.5 + 0.44 x 10°ml~!, P < 0.001, n = 37),
arithmetic mean values + s.e.mean, but had no significant
effect on numbers of neutrophils. The effects produced by triam-
cinolone at 4mgkg~!, p.o., given 4h before the Sephadex
were similar to those produced by dexamethasone.

Effects of drugs on changes in the BAL fluids produced by
Sephadex

Most of the cells in the BAL fluids of negative control rats,
given saline instead of Sephadex, were mononuclear cells, less
than 5% of the cells were neutrophils and no eosinophils
were detected. Eosinophils were found, on day 7, in the BAL
fluids of rats given Sephadex, at the time of the peak in blood
eosinophil numbers. At this time there was also a fall in
number of mononuclear cells but there was no change in the
number of neutrophils. Drugs which reduced the blood
eosinophilia were tested for their effects on the changes in the
BAL fluids. Doses of dexamethasone, isoprenaline, amino-
phylline, dapsone and phenidone which reduced the blood
eosinophilia when given before each injection of Sephadex
also reduced the increase in number of eosinophils in the BAL
fluids, although the reduction produced with aminophylline
did not reach significance. These drugs also reduced the fall in
number of mononuclear cells in the BAL fluid but again this
did not reach significance with aminophylline. Sodium cro-
moglycate, which had no effect on the blood eosinophilia, pro-
duced some reduction of the eosinophilia in the BAL fluids
but did not prevent the fall in number of mononuclear cells.

Table 1 Compounds that had no effect on the increase in number of eosinophils in the blood of rats given Sephadex

Dose Time
Compound (mgkg™?) Route (h)
Aspirin 300 p-o. 1
Atropine 10 s.C. 0.5
Chloroquine 100 p-o. 1
Cyproheptadine 4 s.C. 1
Sodium cromoglycate 100 s.Cc. 0.17
Indomethacin 5 p-o. 1
Ketotifen 20 p.o. 0.25
Mepacrine 100 p-o. 1
Mepyramine 20 s.C. 0.5

Dose Time
Compound (mgkg™1) Route (h)
Noradrenaline 0.5 s.C. 0.17
Papaverine 10 s.C. 0.5
Phentolamine 2.5 s.C. 0.5
Phenoxybenzamine 2 s.C. 0.5
Phenylephrine 4 s.C. 0.5
Propranolol S s.C. 0.25
Quinidine 50 p.o. 0.5
Quinine 100 p.o. 0.5
Verapamil 50 p.o. 0.25

Rats were given Sephadex, G200 0.5mg in | ml of saline, intravenously on days 0, 2 and 5. The numbers of eosinophils in the blood were
counted on day 7. Compounds were given at the stated dose, route and time before each injection of Sephadex.
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Figure 2 The effect of drugs on the number of eosinophils in the
blood of rats on day 7 after the i.v. injection of Sephadex, G200,
0.5mg in 1 ml of saline on days 0, 2 and 5. The drugs were given by
the stated route and time before each injection of Sephadex: isoprena-
line (Q), salbutamol (@) and adrenaline ([J) s.c. 10min; amino-
phylline () p.o. 30 min; dexamethasone (A) and triamcinolone (A)
p.o. 4h; phenidone (V) and dapsone (¥) p.o. 30min. The values are
given as a percentage of the mean values for similar numbers of rats
given Sephadex but no drug in the same experiments. For typical
groups of control rats given Sephadex but no drug (©) or saline only
(@) the number of eosinophils in the blood, as 10°ml~! were
086 +005 n=153 and 0.14+001, n=56 as arithmetic
means + s.e.mean. The drugs had no effect on the number of other
leucocytes in the blood except for dapsone and the glucocorticos-
teroids (see text). Points represent arithmetic means and the vertical
lines s.e.mean, n = 6 to 43.

Indomethacin had no effect on any of the changes in leucocyte
numbers. The number of neutrophils remained low for all the
treatments. Aminophylline and isoprenaline significantly
reduced the number of neutrophils but the numbers in the
Sephadex-treated controls were low and not different from the
saline controls, so that this reduction is unlikely to be of
importance and is probably due to the inaccuracy that results
from counting cells in such low numbers (Table 2).

Effects of drugs on lung hyper-responsiveness

Rats given Sephadex had increased sensitivity to the increase
in resistance to artificial respiration produced by the intra-
venous injection of 5-HT as shown by a shift to the left of the
5-HT log dose-response curve as compared to that for control
rats given saline (Figure 3a). In vitro parenchymal lung strips
taken from Sephadex treated rats were hyper-reactive to 5-HT
in that they responded over the same dose range of 5-HT as
did strips from control rats but the slope of the log dose-
response curve was steeper (Figure 3b). The results can be
expressed as mg tension per mg of tissue weight rather than as
mg tension. When expressed in either way the differences in
the response of lung strips obtained from untreated to
Sephadex-treated rats were similar. The area under the log
dose-response curve for tissue from untreated rats, as a per-
centage of that for tissue from Sephadex-treated rats, was
27 + 2% as mg tension and 26 + 4% as mg tension per mg of
tissue (m=22 and 15 respectively, as arithmetic
means + s.e.mean).

The effects on the hyper-responsiveness of the lungs to
5-HT of drugs that reduced blood eosinophilia were studied.
Dexamethasone, isoprenaline, aminophylline, dapsone and
phenidone were given to the rats before each injection of Sep-
hadex at doses at which they reduced the blood eosinophilia.
The drugs reduced the hyper-reactivity to 5-HT in vitro and
hyper-sensitivity in vivo (Figure 3, Table 3), with the exception
that the apparent reduction in hyper-sensitivity in vivo pro-
duced by aminophylline and dapsone did not reach signifi-
cance and aminophylline had little effect on hyper-reactivity in
vitro. Sodium cromoglycate and indomethacin had no effect
on any of the parameters.

Blood eosinophil numbers for each rat were compared with
either the reactivity of lung parenchymal strips to S-HT or
with the sensitivity to 5-HT in vivo. There was good corre-

Table 2 The effects of drugs on the changes in number of leucocytes in the broncho-alveolar lavage (BAL) fluids of rats produced by

Sephadex
Number of leucocytes
Mononuclear cells Neutrophils Eosinophils
Treatment n x 10%/ml % of controls x 108/ml % of controls x 10%/ml % of controls
Controls
Sephadex, no drug 43 1.22 100 0.05 100 0.54 100
Saline, no drug 12 248 198 (148 to 264)*** 0.03 45 (20 to 103) 0.00 0
Dexamethasone
0.1mgkg™!, p.o., 4h) 12 1.96 133 (100 to 178)* 0.12 64 (28 to 145) 0.07 12 (7 to 21)***
Isoprenaline
(0.1mgkg ™!, s.c, 10min) 6 203 152 (101 to 229)* 0.01 22 (6 to 70)* 0.09 17 (8 to 37)***
Aminophylline
(100mgkg ™", p.o., 30min) 6 1.82 137 (91 to 206) 0.01 25 (7 to 80)* 0.28 57 (27 to 120)
Dapsone
(100mgkg~?, p.o., 30min) 30 1.67 137 (114 to 166)*** 0.08 80 (47 to 136) 0.06 11 (8 to 15)***
Phenidone
(100mgkg ™!, p.o., 30 min) 17 1.58 131 (103 to 166)* 0.02 84 (42 to 167) 0.18 44 (28 to 68)***
Sodium cromoglycate
(100mgkg~'m s.c., 10 min) 10 0.92 83 (60 to 114) 0.05 95 (38 to 237) 0.31 48 (27 to 87)*
Indomethacin
(5mgkg™!, p.o, 1 h) 6 1.55 117 (77 to 176) 0.01 32 (10 to 101) 0.61 123 (58 to 259)

Drugs were given at the dose route and time stated before each injection of Sephadex, 0.5 mg in saline, i.v., on days 0, 2 and 5. BAL
washings were collected on day 7, cells were separated by centrifugation and suspended in 0.5 ml of saline. The values as 106/ml represent
the number in this suspension and are geometric means. For each drug treatment, leucocyte numbers were compared with the values for
a similar number of control rats given Sephadex, on the same occasion, to give the % of control values together with 95% confidence
intervals in parentheses. Comparisons were by analysis of variance on a logarithmic scale, as described in the test, P values are quoted
for these comparisons. The control values given are for typical controls given Sephadex or saline. * P <0.05; ** P <0.01;

*** P <0.001.
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Figure 3 Effect of dexamethasone on the increase in lung responsive-
ness to 5-hydroxytryptamine (5-HT) produced in rats given Sephadex
(a) in vivo and (b) on lung parenchymal strips in vitro. Rats were given
Sephadex G200, 0.5mg in 1 ml of saline (O) or saline alone (@), i.v.,
on days 0, 2 and 5. Other rats were given dexamethasone orally at
0.1mgkg™!, 4h before each dose of Sephadex (A). Measurements in
vivo were made on day 7 and lung strips were taken on days 6, 7 and
8. Numbers of rats for in vivo and in vitro determinations respectively
were, for rats given: Sephadex, 15, and 22; saline, 20 and 21; dexa-
methasone and Sephadex, 6 and 7. Points represent arithmetic means
and vertical lines s.e.mean. Student’s ¢ test (2-tailed) was used to assess
the significance of the difference from rats given Sephadex:
* P <005;** P <0.01; *** P <0.001.

lation between blood eosinophil numbers and reactivity in
vitro, as measured by the area under the log dose-response
curve r = 0.76 (n = 80; P < 0.001). The correlation was less
between blood eosinophil numbers and sensitivity in vivo, as
measured by the log,, of the ED;, value, r = —0.53 (n = 61;
P < 0.001). This was also less than the value reported pre-
viously when only Sephadex- and saline-treated animals were
compared (Spicer et al., 1989). In this study when the values in
these control rats were compared the correlation was
increased, r = —0.66 (n = 25; P < 0.001).

The drugs could have a direct effect on the responsiveness
of the lungs of rats to 5-HT. Therefore dexamethasone, iso-
prenaline, aminophylline, dapsone and phenidone were given
to groups of 6 rats at the same dose and dosage regimen as
outlined in Table 3 except that saline was given to the rats
instead of Sephadex. A control group of 6 rats was given
saline only. When the rats given the drugs were compared
with this control group the log dose-response curves for the
effects of 5-HT given intravenously and for its effects on lung
parenchymal strips were not different (data not shown). Thus
the drugs by this dosage regimen, did not antagonize the
effects of 5-HT.

Effects of drugs on the blood eosinophilia when given after
each dose of Sephadex

Drugs which reduced the eosinophilia when given before the
Sephadex showed a reduced activity when given after Sepha-
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dex. Of the drugs tested, dexamethasone could be given for
the longest period of time after the Sephadex and still be
active but it produced no significant inhibition when given at
8 h (Table 4).

Discussion
Effect of drugs on eosinophilia

The blood eosinophilia in rats given Sephadex was reduced by
glucocorticosteroids, f-adrenoceptor agonists, aminophylline,
dapsone and phenidone. It is remarkable that the first three of
these are used for the treatment of asthma and dapsone has
been shown to have a steroid sparing effect in asthmatics
(Berlow et al., 1990).

At the time of the peak in the blood eosinophilia, BAL
fluids taken from the rats contained an increased number of
eosinophils, a reduced number of mononuclear cells but there
was no change in the small number of neutrophils. The gluco-
corticosteroid, dexamethasone, the f-adrenoceptor agonists,
isoprenaline, dapsone, and phenidone reduced these changes
at the same doses at which they reduced the blood eosino-
philia. Aminophylline appeared to have similar effects but
these did not reach significance. Aminophylline was the least
effective of these drugs at reducing the blood eosinophilia.
Sodium cromoglycate, whilst it had no effect on the blood
eosinophilia or the fall in number of BAL mononuclear cells,
did reduce the BAL eosinophilia.

Others have studied the effects of drugs on a BAL eosino-
philia in the guinea-pig produced by the inhalation of PAF or
antigen. Similar findings, to ours were that the eosinophilia
was reduced by dexamethasone, aminophylline and sodium
cromoglycate (Sanjar et al, 1990ab). However in these
studies, in contrast to our findings in the rat, ketotifen was
effective and no activity was demonstrated for salbutamol.
Others found that while antigen induced BAL eosinophilia in
the guinea-pig was reduced by methylprednisolone, no activity
was demonstrated for ketotifen (Havill et al., 1990). The
finding of activity for a drug in one study but not in another
could be due to differences in dosage regimens. For example;
in the two studies in which salbutamol failed to reduce the
BAL eosinophilia in the guinea-pig it was given over a period
of days from an implanted minipump so that tolerance may
have developed.

Sodium cromoglycate has been reported to reduce the
number of eosinophils in the BAL fluids in asthmatics (Diaz et
al., 1984) and the ability of S-adrenoceptor agonists, amino-
phylline and glucocorticosteroids to produce an eosinopenic
effect in man has been known for many years (Ohman et al.,
1972). In addition, asthmatics can show tolerance to the eosin-
openic effects of f-adrenoceptor agonists (Reed et al., 1970).

Eosinophilia and lung hyper-responsiveness

Hyper-responsiveness of the lungs, to spasmogens, has been
produced in animals by a variety of techniques, most of which
involve producing inflammation in the lung. In many of the
studies the hyper-responsiveness was associated with a cellular
infiltration, often of neutrophils (Smith, 1989). However, it is
only in the dog that there is strong evidence that the neutro-
phil is the cause of the hyper-responsiveness (O’Byrne et al.,
1984). In other species such as the rabbit (Coyle et al., 1988),
guinea-pig (Silbaugh et al., 1987) and rat (Pauwels et al., 1986),
the airway responsiveness could remit whilst a neutrophilia
was still present in the lung. An eosinophilia in the lung has
been associated with a lung hyper-responsiveness in sheep
(Abraham, 1987), monkey (Grundel et al., 1990) and rabbit
(Coyle et al., 1988). In the guinea-pig, inhaled antigen produc-
ed an eosinophilia in the BAL fluids and an in vivo hyper-
reactivity to inhaled spasmogens. However, there was no
direct relationship between the two since the hyper-reactivity
could be reduced by drugs which had no effect on the BAL
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Table 3 The effects of drugs on the blood eosinophilia and lung hyper-responsiveness to 5-hydroxytryptamine (5-HT) in vitro and in

vivo produced in rats given Sephadex

Response to 5-HT

in vitro in vivo

Number of eosinophils AUC EC,,
Treatment % of value in Sephadex-treated controls (ugkg™'iv)
Controls
Sephadex, no drug 100 100 12.3 (9.8 to 15.5)
Saline, no drug 14 (11 to 18)*** 27 (21 to 34)*** 26.1 (22.0 to 30.9)***
Dexamethasone
(0.1 mgkg™?, p.o., 4h) 47 (38 to 59)*** 35 (25 to 49)*** 22.8 (15.8 to 32.8)**
Isoprenaline
(0.1mgkg™*, s.c., 10min) 36 (25 to 52)*** 53 (39 to 72)*** 22.5 (16.7 to 30.4)**
Aminophylline
(100mgkg ™!, p.o., 30 min) 62 (39 to 99)* 80 (56 to 114) 15.5 (11.6 to 20.8)
Dapsone
(100mgkg ™!, p.o., 30 min) 50 (40 to 62)*** 45 (32 to 62)*** 14.6 (10.6 to 20.2)
Phenidone

(100 mgkg™*, p.o., 30 min)
Sodium cromoglycate
(100mgkg !, s.c., 10min)
Indomethacin
(5.0mgkg~*, p.o, 1h)

66 (52 to 83)***
87 (63 to 118)

98 (62 to 156)

65 (48 to 89)** 19.8 (16.0 to 24.4)**

108 (76 to 154) 12.6 (10.3 to 15.3)

108 (77 to 154) 8.4 (6.5 to 10.7)

Drugs were given at the stated dose route and time before each injection of Sephadex, 0.5mg in 1 ml of saline, i.v., on days 0, 2 and 5.
Blood was taken and sensitivity to 5-HT in vivo was determined on day 7. Lung strips were taken on days 6, 7 or 8. For each
drug-treatment the eosinophil numbers were compared with the values for a similar number of control rats given Sephadex on the same
occasion. The means for the area under the log dose-response curves (AUC) were compared with the pooled control values for rats given
Sephadex. Comparisons were made by an analysis of variance on a logarithmic scale as described in the text. P values are quoted for
these comparisons. The EC,, values are the i.v. doses increasing the overflow volume to 30% of the maximum and are geometric means.
The log,, of the EC,, values were compared by unpaired Student’s ¢ test, two tailed, with the values in Sephadex-treated rats. Number
of rats, for each drug treatment, were 12 to 43 for blood eosinophils 6 to 7 for AUC and for EC,, values, with two determinations for
each rat, numbers for Sephadex-treated controls were 24 for AUC and 15 for EC,, values. 95% confidence intervals are given in

parentheses. * P < 0.05; ** P < 0.01; *** P < 0.001.

eosinophilia and conversely the eosinophilia could be reduced
by drugs which had no effect on the hyper-reactivity. In one
study ketotifen, PAF receptor antagonists and prednisolone
reduced the hyper-reactivity but only prednisolone reduced
the eosinophilia (Havill et al., 1990). These results were made
somewhat confusing by the finding in another study that keto-
tifen had the converse effect in that it reduced the eosino-
philia but not the hyper-reactivity and whilst dexamethasone
reduced the eosinophilia it had no effect on the hyper-
reactivity (Sanjar et al., 1990b).

In our study in the rat we found a close association between
a blood eosinophila and the reactivity of lung strips to 5-HT.
Lung strips, taken from the rats given Sephadex at the time of
the peak in blood eosinophilia, were hyper-reactive to 5-HT
with an increase in the slope of the log dose-response curve.
Drugs that reduced the eosinophilia also reduced the hyper-

Table 4 Effects of drugs on the blood eosinophilia when
given after each dose of Sephadex

Time Eosinophils
Drugs (h) (% of controls)
Dexamethasone 1 343+ 63
4 60.8 + 7.8
8 81.2 + 11.6
Isoprenaline 8 105.0 + 19.0
Dapsone 1 546 +17.3
4 82.0 + 14.2
Phenidone 0.5 63.7 + 10.7
1 83.1 + 153

The drugs were given at the same dose and route as shown
on Table 3, but at the time stated after each injection of
Sephadex on days 0, 2 and 5. Blood was taken on day 7. The
numbers of eosinophils are given as a percentage of the mean
value in control rats tested at the same time and given Sepha-
dex but no drug; 6 rats were used for each test and control
except for isoprenaline when 4 rats were used. The values are
expressed as arithmetic mean + s.e.mean.

reactivity to 5-HT except that the effects of aminophylline on
the hyper-reactivity did not reach significance. Rats given Sep-
hadex also had an hyper-sensitivity to the increase in resist-
ance to artificial respiration produced by the intravenous
injection of 5-HT with a shift to the left of the log dose-
response curve. The effects of reducing the eosinophilia with
drugs on the hyper-sensitivity were less clear cut. Whilst dexa-
methasone, isoprenaline and phenidone reduced the hyper-
sensitivity, the effects of dapsone and aminophylline did not
reach significance, at doses at which they reduced the blood
eosinophilia. The correlation between blood eosinophil
numbers and lung hyper-responsiveness was greater in vitro
than in vivo. This could be due to the variability of the mea-
surements in vivo and the correlation was better when results
in non-drug treated control rats were used. The nature of the
smooth muscle in the lung showing the hyper-responsiveness
to 5-HT is not known and the extent of the involvement of
respiratory or vascular tissue is being investigated.

In the rats given Sephadex there was a marked correlation
between the number of blood eosinophils and the reactivity of
the lungs, to 5-HT, in vitro which suggests, but does not prove,
a causal relationship. The eosinophil can secrete a variety of
cytotoxic and spasmogenic materials which are potential
mediators of the hyper-reactivity, such as basic proteins, per-
oxidase, leukotriene C,, PAF and 15-lipoxygenase products
(Wardlaw & Kay, 1987). Tracheal smooth muscle of guinea-
pigs and dogs treated with major basic protein from eosino-
phils was hyper-reactive to spasmogens (Flavahan et al., 1988;
Brofman et al., 1989).

If the eosinophil is causal of the lung hyper-responsiveness
it may be the number of activated eosinophils rather than the
total numbers that are important. Eosinophils taken from the
peritoneal cavities of rats given three injections of Sephadex
were activated when compared with eosinophils from rats
given saline, or a single injection of Sephadex, as shown by
enhanced cytotoxicity in a variety of assays (Cook et al., 1987).
It was assumed that the eosinophils would be activated in the
BAL fluids of guinea-pigs given antigen by inhalation, since
they had crossed several body compartments (Sanjar et al.,



1990b). However, this applies also to the eosinophils in the
peritoneal cavity of the rat and since it is possible to detect
difference in levels of activation in peritoneal eosinophils the
same could apply to eosinophils in the lung.

The lung hyper-responsiveness of the rats given Sephadex
has similarities with that shown by asthmatics. Asthmatics
have a mixed hypersensitivity and hyper-reactivity to the
acute bronchoconstrictor effects of inhaled histamine with a
shift to the left and an increase in the slope of the log dose-
response curve (Snashall, 1987) and, in two recent studies,
lung tissues from asthmatics was found to be hyper-reactive to
spasmogens (De Jongste et al., 1987; Bai, 1990).

Mechanism of drug action

The mechanism by which the drugs reduce the eosinophilia is
not known. It is possible that some compounds are active
because they produce endogenous glucocorticosteroid release.
However dexamethasone reduced the eosinophilia at doses at
which it reduced the number of mononuclear cells in the
blood and this was not found with the other active com-
pounds. Phenidone is an inhibitor of the cyclo-oxygenase and
lipoxygenase pathways of arachidonic acid metabolism
(Blackwell & Flower, 1978). Inhibitors of the cyclo-oxygenase
pathway such as indomethacin and aspirin had no effect on
the eosinophilia suggesting that inhibition of lipoxygenase
might be a relevant activity. The other active compounds have
been also shown to be capable of inhibiting the release of
lipoxygenase products: f-adrenoceptor agonists and theophyl-
line (Orange & Austen, 1971), glucocorticosteroids (Blackwell
et al., 1980), and dapsone (Bonney et al., 1983). The possible
involvement of lipoxygenase products in the triggering of the
eosinophilia warrants further study.

Mechanism of eosinophilia

Sephadex particles when injected intravenously into rats,
embolised the lung vasculature to form a localised inflamma-
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tory reaction or granuloma (Walls & Beeson, 1972). The
number of granuloma in the lung was not reduced by iso-
prenaline, dexamethasone or dapsone when given before each
injection of Sephadex at doses at which they inhibited the
blood eosinophilia and therefore they were not active merely
because they prevented the embolisation of the vasculature.
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philia, when given before the Sephadex, were inactive when
given 8h afterwards. The changes produced by the Sephadex
during the first few hours after being injected must therefore
trigger the eosinophilia. These changes may be those taking
place in the early stages of the formation of the granuloma
involving interactions between leucocytes, particularly neu-
trophils, and vascular endothelial cells. In the lungs a large
number of vascular endothelial cells are close to the external
environment and 60 to 75% of the neutrophils in the blood
are marginated in the lung vasculature (Worthen et al., 1987),
and are therefore suitably placed for this type of interaction. It
was reported in 1953, that lung tissue from guinea-pigs, which
had been previously given an intraperitoneal injection of
antigen-antibody complexes, when placed into the peritoneal
cavity of normal guinea-pigs produced an eosinophilia, sug-
gesting that the lungs could be a site of formation of eosino-
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In conclusion these studies provide data showing an associ-
ation between eosinophilia and hyper-responsiveness of the
lung. The eosinophilia in the rats was triggered within the first
few hours of injecting the Sephadex and drugs have been iden-
tified which inhibit this trigger. The mechanism by which the
eosinophilia is produced warrants further study.
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Effects of carbachol and (—)-NS-phenylisopropyladenosine on
myocardial inositol phosphate content and force of contraction
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1 The effects of carbachol and the A -adenosine receptor agonist (—)-NS-phenylisopropyladenosine
(PIA) on force of contraction and inositol lipid metabolism were studied in electrically driven left auricles
and papillary muscles isolated from guinea-pig hearts. Both carbachol and PIA (0.01-10um) had
concentration-dependent negative inotropic effects in auricles. In papillary muscles PIA had no inotropic
effect. Carbachol also had no inotropic effect at low concentrations (0.01-1 uM) but at 10-100 uM it exerted
a slight positive inotropic effect.

2 In auricles and papillary muscles both carbachol and PIA concentration-dependently increased inosi-
tol trisphosphate (IP;; significant at 1um). Accordingly phosphatidylinositol bisphosphate (PIP,), the
precursor of IP;, was reduced. All effects of carbachol and PIA were antagonized by atropine (10 uM) and
1,3-dipropy!-8-cyclopentylxanthine (DPCPX; 20 uM) respectively, indicating receptor-mediated effects.

3 In auricles the negative inotropic effects of carbachol and PIA preceded the increase in IP,.

4 In papillary muscles the increase in IP; preceded the slight positive inotropic effect of carbachol,
indicating that the M-cholinoceptor-mediated increase in IP; and force of contraction may be related.
However, PIA showed a comparable increase in IP; but no inotropic effect, indicating a dissociation
between those parameters.

5 In conclusion, in previous studies a close relation between increases in IP, and force of contraction
has been shown after a,-adrenoceptor stimulation. The present study with carbachol supports this view.
However, the present data for PIA could not show such a close relationship, questioning the role of IP, as

an endogenous regulator of force of contraction.

Introduction

The M-cholinoceptor agonist carbachol and the A;-adenosine
receptor agonist (—)-N°-phenylisopropyladenosine (PIA) have
different effects on myocardial contractility in different parts
of the heart. In auricles both agents exert pronounced nega-
tive inotropic effects. In papillary muscles carbachol and PIA
have slight positive and no inotropic effects at high concentra-
tions respectively. But in ventricular tissue both PIA and car-
bachol reduce force of contraction in the presence of agents
that increase adenosine 3':5'-cyclic monophosphate (cyclic
AMP) levels such as isoprenaline (Bohm et al., 1984; 1985;
Loffelholz & Pappano, 1985; Briickner et al., 1985; Linden et
al., 1985; Endoh, 1987). Furthermore, cholinoceptor agonists
reportedly cause an enhanced incorporation of [32P]-phos-
phate into phosphatidylinositol in the heart (Quist, 1982;
Brown & Brown, 1983). By use of [*H]-inositol, an increased
inositol phosphate formation after stimulation with carbachol
has been demonstrated in preparations of chick, rat and
guinea-pig hearts (Brown et al., 1985; Brown & Jones, 1986;
Scholz, 1989). The initial step in the inositol lipid metabolism
is a phospholipase C-mediated hydrolysis of phospha-
tidylinositol bisphosphate (PIP,) resulting in the generation of
the two presumed second messengers diacylglycerol (DG) and
inositol trisphosphate (IP5; Berridge & Irvine, 1984; 1989).
DG activates a protein kinase C (Nishizuka, 1986) while IP,
releases calcium from intracellular stores in many tissues (for
review see Berridge & Irvine, 1984; 1989; Scholz, 1989). It is
still a matter of debate whether or not IP; releases calcium

from cardiac sarcoplasmic reticulum (Hirata et al, 1984;

Movsesian et al., 1985), although there is evidence that IP; is
indeed an intracellular calcium mobilizing agent in cardiac
muscle (Nosek et al., 1986; Fabiato, 1986; Kentish et al.,

! Author for correspondence at present address: Abteilung fiir Anis-
thesiologie, Universitits-Krankenhaus Eppendorf, Martinistrasse 52,
D-2000 Hamburg 20, F.R.G.

1990). The existence of inositol lipid metabolism has also been
shown in the human heart (Kohl et al., 1989).

The close resemblance of the cardiac effects of M-
cholinoceptor and A,-adenosine receptor agonists (for review
see Endoh, 1987) led us to compare the concentration-
dependent and time-dependent effects of carbachol and PIA
on different products of inositol lipid metabolism and on force
of contraction in auricles and papillary muscles from guinea-
pigs. The aim of the study was twofold. Firstly, since in pre-
vious studies a close relation between increase in IP, and
force of contraction has been shown after a,-adrenoceptor
stimulation (Poggioli et al., 1986; Schmitz et al., 1987a) the
present study investigates this phenomenon by a comparative
study of the effects of carbachol and PIA. Secondly, since it
has been shown in auricles that pertussis toxin treatment con-
verted the negative inotropic effect of carbachol into a positive
inotropic effect (Tajima et al., 1987) the effects of carbachol
and PIA on inositol phosphates were also studied in auricles.

Some of these results were presented at the 29th Spring
Meeting of the German Society of Pharmacology and Toxi-
cology (Scholz et al., 1988a).

Methods

Force of contraction

The experiments were performed on electrically driven
(frequency 1Hz, duration 5ms, intensity 20% greater than
threshold) left auricles and papillary muscles isolated from
guinea-pigs (body weight 200-250 g). The animals were killed
by a blow on the neck and bled from the carotid arteries. The
preparations were attached to a bipolar platinum stimulating
electrode and suspended individually in 10ml glass tissue
chambers for recording contractions as described previously
(Scholz et al, 1988b). All animals were pretreated with
reserpine (Smgkg~! ip. 18h before they were killed) to
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prevent interference from endogenous catecholamines. The
bathing solution was a modified Tyrode solution containing
(mMm) NaCl 119.8, KCl 5.4, CaCl, 1.8, MgCl, 1.05, NaH,PO,
042, NaHCO, 22.6, Na,EDTA 0.5, ascorbic acid 0.28,
glucose 5.0. It was gassed continuously with 95% O, plus 5%
CO, and maintained at 35°C with a pH of 7.4. The force of
contraction was measured with an inductive force transducer
(W. Fleck, Mainz, FRG). Each muscle was stretched to the
length at which force of contraction was maximal. The resting
force (approximately 10mN in the auricles and SmN in the
papillary muscles) was kept constant throughout the experi-
ment. After mechanical stabilization the substances were
added.

Determination of inositol lipid products

Electrically driven left auricles and papillary muscles were
labelled for 6h with 20uCiml~! of [3H]-inositol in 10ml
bathing solution (composition see above), gassed with 95% O,
plus 5% CO,. Then they were washed for 10min in [*H]-
inositol-free bathing solution and preincubated for 30min
with adenosine deaminase (1 ugml~!; only in the experiments
with PIA to exclude interference from endogenous adenosine;
Bohm et al., 1985) and for 10 min with lithium chloride which
was present throughout the remainder of the experiments
(10mM; to facilitate the measurement of phosphoinositide
products; Scholz et al., 1988b). Thereafter, the muscles were
incubated in bathing solution containing carbachol or PIA
(plus adenosine deaminase). At the end of each experiment the
muscles were frozen in liquid nitrogen, homogenized with a
microdismembrator (Braun, Melsungen, FRG), followed by
the addition of 1ml of chloroform/methanol/ hydrochloric
acid (100:200:2) and extracted with water (310 ul) and chloro-
form (310ul). The inositol phosphates (inositol phosphate,
IP,; inositol bisphosphate, IP,; inositol trisphosphate, IP;)
were eluted from Dowex 1X8 anion exchange columns
(formate form) according to the method of Berridge et al.
(1983) as described previously (Schmitz et al., 1987b; Scholz et
al., 1988b). The phospholipids (phosphatidylinositol, PI; phos-
phatidylinositol phosphate, PIP; phosphatidylinositol bis-
phosphate, PIP,) were washed and dried under a stream of
nitrogen. Thereafter they were separated on h.p.t.l.c. silica-gel
plates (impregnated with potassium oxalate) running in one
dimension with chloroform/methanol/acetone/acetic acid/
water (40:13:15:12:7). Thereafter the silica-gel plates were
placed into a vessel with iodine vapour and identified by co-
chromatographed standards. The radioactively labelled pro-
ducts were counted in a liquid scintillation counter.

Drugs

Substances used were carbamoylcholine chloride (Sigma, St.
Louis, US.A), (—)-N®-phenylisopropyladenosine (Boeh-
ringer, Mannheim, FRG), atropine sulphate (Merck, Darm-
stadt, FRG), 1,3-dipropyl-8-cyclopentylxanthine (DPCPX, a
gift from Dr M.J. Lohse, Heidelberg, F.R.G.), LiCl (Merck,
Darmstadt, FRG), phosphoinositides (Sigma, St. Louis,
US.A), myo-[2-*H]-inositol (20Cimmol~*, Amersham,
Braunschweig, FRG), AG 1X8 anion exchange resin (formate
form; Bio-Rad Laboratories, Miinchen, FRG), h.p.t.l.c.-silica-
gel plates 60 (Merck, Darmstadt, FRG), Ready-Value scintil-
lation cocktail (Beckmann, Miinchen, FRG). All other chemi-
cals were of analytical or best grade commercially available.
All substances were freshly dissolved in prewarmed and pre-
gassed bathing solution. Deionized and twice distilled water
was used throughout.

Statistics

The values presented are means + s.e.mean. Statistical signifi-
cance was estimated with Student’s ¢ test for unpaired obser-
vations. A P value of less than 0.05 was considered significant.
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Figure 1 Effects of carbachol in guinea-pig auricles (A) and papillary
muscles (B). Shown are concentration-response curves for the effects
of carbachol on inositol lipid products (a,b) or force of contraction (c)
of guinea-pig isolated electrically driven heart muscle preparations in
the presence of lithium chloride (10mMm). Ordinates: phospha-
tidylinositol bisphosphate (PIP,; a), inositol trisphosphate (IP,; b) in
d.p.m. mg~! wet weight and force of contraction as a percentage of
predrug value (c). Abscissae: Concentration of carbachol in uM. The
pre-carbachol value of force of contraction was 2.9 + 0.3mN (n = 25;
A(c)) and 1.3 + 0.1 mN (n = 32; B(c)). The incubation time was Smin
for each drug concentration. C = control. n = 4-6 for (A) and 5-7 for
(B). * P < 0.05 vs control.

Results

Concentration-dependent effects of carbachol

Auricles Figure 1A(a,b) shows concentration-response curves
for the carbachol-induced effects on inositol lipid metabolism
in guinea-pig left auricles. Accumulation of IP, or degrada-
tion of PIP, began at 1 um carbachol. At 10 um carbachol, the
highest concentration investigated, the effects apparently did
not reach a maximum. The concentration-dependence of the
effect of carbachol on force of contraction is shown in Figure
1A(c). The negative inotropic effect was significant at 0.01 um
of carbachol. At 10um carbachol the myocardial force
decreased to about 4.9% of the predrug value. All effects of
carbachol (10 M) on inositol lipid metabolism and force of
contraction were blocked by the M-cholinoceptor-antagonist
atropine (10 uM; Table 1A). PI remained unchanged under all
conditions.

Papillary muscles Figure 1B shows the results obtained in
papillary muscles. Carbachol had no inotropic effect at low
concentrations (0.01-1 um; Figure 1B(c)) but at 10 to 100 uM it
exerted a slight positive inotropic effect, up to 115% of
control. Carbachol concentration-dependently increased IP,
(significant at 1um). Accordingly PIP, was reduced (Figure
1B(a,b)). These effects were also blocked by atropine (10 uM;
Table 1B).

Time-dependent effects of carbachol

Auricles The time course of the inositol lipid metabolism in
the absence and presence of carbachol (10uM) is shown in
+Figure 2A(a,b). Carbachol increased IP; to about 226% of
control at 5 min. PIP, decreased within 5 min to about 73% of
control. Figure 2A(c) shows the time course of force of con-
traction. Carbachol exerted a strong negative inotropic effect
which could already be detected at 10s, reached maximum at
1min and remained nearly constant thereafter. Thus, in
auricles the negative inotropic effect of carbachol preceded the
increase in IP;.
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Table 1 Effects of carbachol (CCh, 10 um) and carbachol in
the presence of atropine (Atr, 10 uM) on inositol lipid pro-
ducts (d.p.m.mg~" wet weight) or force of contraction (in %
of predrug value) of electrically driven left auricles (A) or pap-
illary muscles (B) in the presence of lithium chloride (10 mm)

Control CCh CCh + Atr
(A) Guinea-pig left auricles (n = 6)
IP, 101 + 11 152 + 9* 102 + 11
1P, 30+3 97 + 9* 28+ 1
1P, 20+2 47 + 8* 19+2
PI 1125 + 142 1110 + 104 1171 + 192
PIP 46 + 4 29 + 3* 4 +4
PIP, 31+3 22 +2* 31 +3
Force 109 + 1.6 49 1+ 2.7* 104 + 6.1
(B) Guinea-pig papillary muscles (n = 6)
IP, 262 + 38 376 + 37* 284 + 34
1P, 195 + 26 288 + 25*% 181 + 28
1P, 139 + 13 199 + 19* 150 + 15
PI 4998 + 680 4332 + 392 4175 + 230
PIP 494 + 74 280 + 51* 492 + 46
PIP, 434 + 47 221 + 60* 393 + 62
Force 105+ 1.5 115 + 1.4* 102 + 0.2

All 6 inositol lipid products were measured in each muscle.
The products determined were inositol phosphate (IP,), ino-
sitol bisphosphate (IP,), inositol trisphosphate (IP,), phos-
phatidylinositol (PI), phosphatidyl inositol phosphate (PIP)
and phosphatidylinositol bisphosphate (PIP,). The pre-
carbachol value of force of contraction was 2.8 + 0.5mN
in auricles and 1.5 + 0.3 mN in papillary muscles respectively. *
Denotes significant differences versus control (P < 0.05). The
incubation time was 5 min. n = number of preparations.

Papillary muscles The slight positive in'otropic effect of car-
bachol (10 um; Figure 2B(c)) was significant at 3 min amount-
ing to about 115% of control. The increase in IP, was
significant at 2 min, reached a maximum at 10min and was
accompanied by a decrease of PIP, (Figure 2B(a,b)). Thus, in
papillary muscles the increase in IP, preceded the increase in
force of contraction induced by carbachol.
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Figure 2 Effects of carbachol in guinea-pig auricles (A) and papillary
muscles (B). Shown are time courses of inositol lipid products (a,b) or
force of contraction (c) of guinea-pig isolated electrically driven heart
muscle preparations in the absence ([J) and presence (A) of carbachol
(10 uM). All experiments were performed in the presence of lithium
chloride (10 mm). Ordinates: phosphatidylinositol bisphosphate (PIP,;
a) inositol trisphosphate (IP,; b) in d.p.m. mg~' wet weight and force
of contraction as percentage of predrug value (c). Abscissae: time of
incubation with carbachol in min. The value of force of contraction at
zero time was 3.9 + 1.2mN (n = 6; A(c)) and 1.6 £ 0.6mN (n = 5;
B(c)). n = 4-6 for (A) carbachol and n = 6 for (A) control; n = 5-7 for
(B) carbachol and n = 6 for (B) control. * P < 0.05 vs control.

Concentration-dependent effects of
(—)-NS-phenylisopropyladenosine

Auricles Figure 3A(a,b) shows concentration-response curves
for the PIA-induced effects on inositol lipid metabolism in
guinea-pig left auricles. Accumulation of IP, or degradation
of PIP, began at 0.1-1uM PIA. The concentration-
dependence of the effect of PIA on force of contraction is
shown in Figure 3A(c). The negative inotropic effect was sig-
nificant at 0.01 um PIA. At 10 um PIA the force of contraction
decreased to about 5% of the predrug value. All effects of PIA
(10 um) on inositol lipid metabolism and force of contraction
were blocked by the A,-adenosine receptor-antagonist
DPCPX (20 um; Table 2A). DPCPX was used, because it is a
potent and selective A,-adenosine receptor antagonist (700
fold A,-selectivity; Lohse et al., 1987; Leyen et al., 1989). PI
remained unchanged under all conditions.

Papillary muscles In Figure 3B the same experiments are
shown for the papillary muscle. PIA had no inotropic effect
(0.01-100uM; Figure 3B(c)) but PIA concentration-
dependently increased IP, (significant at 1 um) and PIP, was
reduced (Figure 3B(a,b)). Again these effects were all blocked
by DPCPX (20 uM; Table 2B).

Time-dependent effects of
(—)-NS-phenylisopropyladenosine

Auricles The time course of the inositol lipid metabolism in
the absence and presence of PIA (10um) is shown in Figure
4A(a,b). PIA increased IP; to about 171% of control, signifi-
cant at Smin. PIP, was decreased within 5min to about 67%
of control. Figure 4A(c) shows the time course of force of con-
traction. PIA exerted strong negative inotropic effects which
could already be detected at 10s, and remained nearly con-
stant from 1-15min. Thus, in auricles the negative inotropic
effect of PIA preceded the increase in IP,.

Papillary muscles PIA (10 um; Figure 4B) had no inotropic
effect. In contrast, the increase in IP, was significant at 2 min,
reached a maximum thereafter and was accompanied by a
decrease of PIP,. Thus, in papillary muscles the increase in
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Figure 3 Effects of (—)-NS-phenylisopropyladenosine (PIA) in
guinea-pig auricles (A) and papillary muscles (B). Shown are
concentration-response curves for the effects of PIA on inositol lipid
products (a,b) or force of contraction (c) of guinea-pig isolated electri-
cally driven heart muscle preparations in the presence of lithium chlo-
ride (10mM). Ordinates: phosphatidylinositol bisphosphate (PIP,; a)
inositol trisphosphate (IP,; b) in d.p.m. mg~"' wet weight and force of
contraction as percentage of predrug value (c). Abscissae: Concentra-
tion of PIA in uM. The pre-PIA value of force of contraction was
34 + 0.3mN (n = 25; A(c)) and 1.4 + 0.1 mN (n = 30; B(c)). The incu-
bation time was Smin for each drug concentration. C = control.
n = 5-7 for (A) and (B). * P < 0.05 vs control.
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Table 2 Effects of (—)-NS-phenylisopropyladenosine (PIA,
10uM) and PIA in the presence of 1,3-dipropyl-8-cyclo-
pentylxanthine (DPCPX, 20uM) on inositol lipid products
(d.p.m. mg~! wet weight) or force of contraction (in % of
predrug value) of electrically driven left auricles (A) or papil-
lary muscles (B) in the presence of lithium chloride (10 mm)

Control PIA PIA + DPCPX
(A) Guinea-pig left auricles (n = 5)
IP, 94 + 8 139 + 9* 102 +9
1P, 30+2 51 + 3* 28 +2
1P, 2042 46 + 2* 20+ 2
PI 1044 + 64 980 + 107 1010 + 60
PIP S1+2 28 + 1* 51+3
PIP, 29 +2 20 + 2% 27+ 1
Force 109 + 1.6 8.5+ 1.3* 99 + 3.2
(B) Guinea-pig papillary muscles (n = 6)
1P, 311 + 24 392 + 26* 314 + 15
1P, 196 + 17 278 + 14* 209 + 18
IP, 175 + 14 251 + 21* 166 + 14
PI 3936 + 438 3907 + 602 3792 + 627
PIP 472 + 45 336 + 30* 461 + 55
PIP, 398 + 25 253 + 20* 377 + 28
Force 105+ 1.5 104 + 1.9 104 + 1.3

All 6 inositol lipid products were measured in each muscle.
The products determined were inositol phosphate (IP,), ino-
sitol bisphosphate (IP,), inositol trisphosphate (IP,), phos-
phatidylinositol (PI), phosphatidylinositol phosphate (PIP)
and phosphatidylinositol bisphosphate (PIP,). The pre-PIA
value of force of contraction was 2.9 + 0.5mN in auricles and
1.4 + 0.2 mN in papillary muscles respectively. * Denotes sig-
nificant differences versus control (P < 0.05). The incubation
time was 5 min. n = number of preparations.
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Figure 4 Effects of (—)-N°-phenylisopropyladenosine (PIA) in
guinea-pig auricles (A) and papillary muscles (B). Shown are time
courses of inositol lipid products (a,b) or force of contraction (c) of
guinea-pig isolated electrically driven heart muscle preparations in the
absence ([J) and presence (@) of PIA (10 uM). All experiments were
performed in the presence of lithium chloride (10mMm). Ordinates:
phosphatidylinositol bisphosphate (PIP,; a) inositol trisphosphate
(IP,; b) in d.pm.mg~"' wet weight and force of contraction as per-
centage of predrug value (c). Abscissae: time of incubation with PIA
in min. The value of force of contraction at zero time was
37+ 03mN (n=S5; A(c)) and 1.7 £ 0.2mN (n = 6; B(c)). n = 7-9 for
(A) PIA and n = 6-9 for (A) control; n = 6-8 for (B) PIA and n =8
for (B) control. * P < 0.05 vs control.

IP, resembles that induced by carbachol, while there is no
inotropic effect.

Discussion

The present study shows that carbachol and PIA had similar
effects on inositol lipid metabolism and on force of contrac-
tion in the mammalian heart. However, a close relation
between increase in IP; and force of contraction could not be
demonstrated. Carbachol or PIA decreased PIP, and PIP
and increased the content of IP, and its congeners IP, and
IP,. All effects were blocked by the M-cholinoceptor antago-
nist atropine or the A, -adenosine receptor antagonist
DPCPX, indicating receptor-mediated effects. For clarity the
effects of carbachol and PIA will be discussed separately.

Carbachol

In auricles (Figure 1A) there is an apparent dissociation
between increase in IP,, which supposedly is a second mes-
senger for positive inotropic effects (Renard & Poggioli, 1987;
Scholz et al., 1988b), and force of contraction because car-
bachol had a negative inotropic effect. In addition, the nega-
tive inotropic effect was significant at lower concentrations
than the increase in IP, and preceded the increase in IP,.
Thus, the increase in IP; after stimulation with carbachol is
unlikely to be responsible for the negative inotropic effect.
This is not surprising because the negative inotropic effect in
auricles is due to an activation of atrial potassium channels
through a guanine nucleotide binding protein (G-protein;
Pfaffinger et al., 1985; Bohm et al., 1986). Carbachol increases
potassium conductance, hyperpolarizes the membrane,
decreases action potential duration and thereby reduces influx
of calcium, leading to the negative inotropic effect.

In auricles the increase in potassium conductance conceiv-
ably overrides a possible IP5-induced positive inotropic effect.
Recently, it could be demonstrated (Tajima et al., 1987; Kohl
et al., 1990) that pertussis toxin treatment converted the nega-
tive inotropic effect of carbachol (starting at 10 uM) in auricles
into a positive inotropic effect which was still accompanied by
an increase in inositol phosphates, indicating that 2 different
G-proteins are involved: a pertussis toxin-sensitive G-protein
which regulates potassium conductance at low concentrations
of agonists and a different pertussis toxin-insensitive as yet
unidentified G-protein which couples the M-cholinoceptor to
the inositol-lipid-metabolism in the heart at high concentra-
tions of agonists. Alternatively two different subtypes of M-
cholinoceptors may be involved. The pertussis toxin-sensitive
effect of carbachol on potassium conductance prevails over
the pertussis toxin-insensitive effects on inositol lipid metabo-
lism. Hence a negative inotropic effect of carbachol is nor-
mally observed despite an increase in IP;. A positive
inotropic effect of carbachol possibly due to the IP; increase
can only be observed after elimination of the effect on pot-
assium conductance with pertussis toxin. A pertussis toxin-
insensitive G-protein has also been shown for the
a,-adrenoceptor-mediated effects on inositol lipid metabolism
in the heart (Schmitz et al, 1987b) and in other tissues
(Cockroft, 1987; Rosenthal & Schultz, 1988). All effects of car-
bachol were blocked by atropine, indicating that the effects on
force of contraction and inositol lipid metabolism are medi-
ated via M-cholinoceptors.

In papillary muscles carbachol alone induced a slight posi-
tive inotropic effect and an increase in IP, content (Figure
1B). The increase in force developed slowly being first signifi-
cant at 3min whereas the increase in IP, was significant at
2min (Figure 2B). It is evident that the increase in IP, preced-
ed the increase in force, fulfilling a prerequisite for a second
messenger role of IP,. The concentration- and time-
dependent effects of carbachol on force of contraction and IP,
are compatible with an IP,-mediated positive inotropic effect.
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(—)-N°®-phenylisopropyladenosine

In auricles the effects of PIA on force of contraction and inosi-
tol lipid metabolism were similar to the effects of carbachol.
The negative inotropic effect after stimulation with PIA was
also faster (Figure 4A) and occurred at lower concentrations
(Figure 3A) than did the increase in IP; content. This leads to
similar conclusions. In brief, a possible IP;-induced positive
inotropic effect could be overriden by an increase in pot-
assium conductance, leading to the negative inotropic effect.
Moreover, DPCPX antagonized all effects of PIA, indicating
an A,-adenosine receptor-mediated effect (Leyen et al., 1989).
In papillary muscles PIA had no inotropic effect but
increased inositol phosphates and decreased phospholipids
(Figure 3B). Thus, concentration- and time-dependent effects
(Figure 4B) of PIA on inositol lipid products are comparable
with the results observed with carbachol. However, the reason
for the lack of effect of PIA on force of contraction is unclear.
Firstly, it could be due to unspecific effects of the adenosine
analogue, because the parent compound adenosine, like car-
bachol, has a slight positive inotropic effect at high concentra-
tions (100 um; Briickner et al., 1985; Legsseyer et al., 1988).
Secondly, it could indicate a dissociation between increase in
IP, and increase in force of contraction. Thirdly, com-
partmentation of IP,, as has been shown for cyclic AMP in

References

BERRIDGE, M.J,, DAWSON, RM.C,, DOWNES, C.P, HESLOP, JP. &
IRVINE, RF. (1983). Changes in the levels of inositol phosphates
after agonist-dependent hydrolysis of membrane phos-
phoinositides. Biochem. J., 212, 473-482.

BERRIDGE, MJ. & IRVINE, R.F. (1984). Inositol trisphosphate, a novel
second messenger in cellular signal transduction. Nature, 312,
315-321.

BERRIDGE, M.J. & IRVINE, R.F. (1989). Inositol phosphates and cell
signalling. Nature, 341, 197-205.

BOHM, M, BRUCKNER, R., HACKBARTH, I, HAUBITZ, B., LINHART,
R., MEYER, W., SCHMIDT, R., SCHMITZ, W. & SCHOLZ, H. (1984).
Adenosine inhibition of catecholamine-induced increase in force of
contraction in guinea-pig atrial and ventricular heart preparations.
Evidence against a cyclic AMP- and cyclic GMP-dependent effect.
J. Pharmacol. Exp. Ther., 230, 483—492.

BOHM, M. BRUCKNER, R, MEYER, W, NOSE, M., SCHMITZ, W.,
SCHOLZ, H. & STARBATTY, J. (1985). Evidence for adenosine
receptor-mediated isoprenaline-antagonistic effects of the aden-
osine analogs PIA and NECA on force of contraction in guinea-
pig atrial and ventricular cardiac preparations. Naunyn
Schmiedebergs Arch. Pharmacol., 331, 131-139.

BOHM, M., BRUCKNER, R, NEUMANN, J,, SCHMITZ, W., SCHOLZ, H.
& STARBATTY, J. (1986). Role of guanine nucleotide-binding
protein in the regulation by adenosine of cardiac potassium con-
ductance and force of contraction. Evaluation with pertussis toxin.
Naunyn Schmiedebergs Arch. Pharmacol., 332, 403-405.

BROWN, S.L. & BROWN, J.H. (1983). Muscarinic stimulation of phos-
phatidylinositol metabolism in atria. Mol. Pharmacol., 24, 351-
356.

BROWN, JH., BUXTON, IL. & BRUNTON, LL. (1985).
Alpha,-adrenergic and muscarinic cholinergic stimulation of phos-
phoinositide hydrolysis in adult rat cardiomyocytes. Circ. Res., 57,
532-537.

BROWN, J.H. & JONES, L.G. (1986). Phosphoinositide metabolism in
the heart. In Phosphoinositides and Receptor Mechanisms. ed.
Putney, J.W. pp. 245-270. New York: Alan R. Liss.

BRUCKNER, R, FENNER, A, MEYER, W., NOBIS, T.M,, SCHMITZ, W. &
SCHOLZ, H. (1985). Cardiac effects of adenosine and adenosine
analogs in guinea-pig atrial and ventricular preparations. Evidence
against a role of (AMP and cGMP. J. Pharmacol. Exp. Ther., 234,
766-714.

BUXTON, LL.O. & BRUNTON, L.L. (1983). Compartments of cyclic
AMP and protein kinase in mammalian cardiomyocytes. J. Biol.
Chem., 258, 10233-10239.

COCKROFT, S. (1987). Polyphosphoinositide phosphodiesterase: regu-
lation by a novel guanine nucleotide binding protein, Gp. Trends
Pharmacol. Sci., 12, 75-78.

ENDOH, M. (1987). Dual inhibition of myocardial function through
muscarinic and adenosine receptors in the mammalian heart. J.
Appl. Cardiol., 2, 213-230.

cardiomyocytes (Buxton & Brunton, 1983) cannot be
excluded. In contrast to the present study, no stimulation of
the inositol lipid metabolism in atrial and ventricular
myocytes was found after stimulation with PIA (Leung et al.,
1986). However, a similar increase in IP, was found with
adenosine in rat papillary muscles (Legssyer et al., 1988).

In summary, atrial and ventricular M-cholinoceptors and
adenosine A,-receptors are both coupled to inositol lipid
metabolism. In atrial tissues there is an apparent dissociation
between increase in IP, and force of contraction. However, a
possible IP, induced positive inotropic effect of carbachol can
only be observed after elimination of the effect on potassium
conductance. In ventricular tissues the positive inotropic and
IP, increasing effects of carbachol revealed similar time- and
concentration-dependencies and hence might be closely
related. In contrast, PIA failed to cause an increase in force of
contraction. Thus, the present data could not show a close
relationship between increase in IP; and an increase in force
of contraction as has been shown for a,-adrenoceptor-
stimulation.

This study was supported by the Deutsche Forschungsgemeinschaft
and the Claussen Stiftung.

FABIATO, A. (1986). Inositol (1,4,5)-trisphosphate-induced release of
Ca?* from the sarcoplasmic reticulum of skinned cardiac cells.
Biophys. J., 49, 190a.

HIRATA, M,, SUEMATSU, E., HASHIMOTO, T., HAMACHI, T. & KOGA,

HIRATA, M, SUEMATSU, E,, HASHIMOTO, T., HAMACHI, T. & KOGA,
T. (1984). Release of Ca%* from a non-mitochondrial store site in
peritoneal macrophages treated with saponin by inositol 1,4,5-tri-
sphosphate. Biochem. J., 223, 229-236.

KENTISH, J.C., BARSOTTI, RJ, LEA, TJ,, MULLIGAN, LP., PATEL, J.R.
& FERENCZI, M.A. (1990). Calcium release from cardiac sarco-
plasmic reticulum induced by calcium or Ins(1,4,5P,. Am. J.
Physiol., 258, H610-H615.

KOHL, C. SCHMITZ, W. & SCHOLZ, H. (1990). Positive inotropic effect
of carbachol and inositol phosphate levels in mammalian atria
after pretreatment with pertussis toxin. J. Pharmacol. Exp. Ther.,
(in press).

KOHL, C., SCHMITZ, W., SCHOLZ, H., SCHOLZ, J., TOTH, M., DORING,
V. & KALMAR, P. (1989). Evidence for alpha,-adrenoceptor-medi-
ated increase of inositol trisphosphate in the human heart. J. Car-
diovasc. Pharmacol., 13, 324-327.

LEGSSYER, A, POGGIOLIL, J,, RENARD, D. & VASSORT, G. (1988). ATP
and other adenine compounds increase mechanical activity and
inositol trisphosphate production in rat heart. J. Physiol., 401,
185-199.

LEUNG, E., JOHNSTON, CI. & WOODCOCK, E.A. (1986). Stimulation
of phosphatidylinositol metabolism in atrial and ventricular
myocytes. Life Sci., 39, 2215-2220.

LEYEN, H.V.D, SCHMITZ, W, SCHOLZ, H.,, SCHOLZ, J., LOHSE, M.J. &
SCHWABE, U. (1989). Effects of 1,3-dipropyl-8-cyclopentylxanthine
(DPCPX), a highly selective adenosine receptor antagonist, on
force of contraction in guinea-pig atrial and ventricular cardiac
preparations. Naunyn Schmiedebergs Arch. Pharmacol., 340, 204
209.

LINDEN, J, HOLLEN, CE. & PATEL, A. (1985). The mechanism by
which adenosine and cholinergic agents reduce contractility in rat
myocardium. Correlation with cyclic adenosine monophosphate
and receptor densities. Circ. Res., 56, 728-735.

LOFFELHOLZ, K. & PAPPANO, AJ. (1985). The parasympathetic
neuroeffector junction of the heart. Pharmacol. Rev., 37, 1-24.

LOHSE, M.J, KLOTZ, KN, LINDENBORN-FOTINOS, J,
REDDINGTON, M. SCHWABE, U. & OLSSON, R.A. (1987). 8-
cyclopentyl-1,3-dipropylxanthine (DPCPX) a selective high affinity
antagonist radioligand for A, adenosine receptors. Naunyn Sch-
miedebergs Arch. Pharmacol., 336, 204-210.

MOVSESIAN, M.A, THOMAS, AP, SELAK, M. & WILLIAMSON, J.R.
(1985). Inositol trisphosphate does not release Ca?* from per-
meabilized cardiac myocytes and sarcoplasmic reticulum. FEBS
Lett., 185, 328-332.

NISHIZUKA, Y. (1986). Studies and perspectives of protein kinase C.
Science, 233, 305-312.



834 C. KOHL et al.

NOSEK, T.M., WILLIAMS, M.F., ZEIGLER, S.T. & GODT, R.E. (1986).
Inositol trisphosphate enhances calcium release in skinned cardiac
and skeletal muscle. Am. J. Physiol., 250, C807-C811.

PFAFFINGER, P.J., MARTIN, J.M,, HUNTER, D.D., NATHANSON, N.M.
& HILLE, B. (1985). GTP-binding proteins couple cardiac
muscarinic receptors to a K channel. Nature, 317, 536-538.

POGGIOLYL, J., SULPICE, J.C. & VASSORT, G. (1986). Inositol phosphate
production following alpha,-adrenergic, muscarinic or electrical
stimulation in isolated rat hearts. FEBS Lett., 206, 292-298.

QUIST, EE. (1982). Evidence for a carbachol-stimulated phospha-
tidylinositol effect in heart. Biochem. Pharmacol., 31, 3130-3133.

RENARD, D. & POGGIOLL J. (1987). Does the inositol tris/
tetrakisphosphate pathway exist in rat heart? FEBS Lett., 217,
117-123.

ROSENTHAL, W. & SCHULTZ, G. (1988). Guaninnucleotid-bindende
Proteine als membranire Signaltransduktionskomponenten und
Regulatoren enzymatischer Effektoren. Klin. Wochenschr., 66,
511-523.

SCHMITZ, W., SCHOLZ, H., SCHOLZ, J. & STEINFATH, M. (1987a).
Increase in IP, precedes alpha-adrenoceptor-induced increase in
force of contraction in cardiac muscle. Eur. J. Pharmacol., 140,
109-111.

SCHMITZ, W., SCHOLZ, H., SCHOLZ, )., STEINFATH, M., LOHSE, M.,
PUURUNEN, J. & SCHWABE, U. (1987b). Pertussis toxin does not
inhibit the alpha,-adrenoceptor-mediated effect on inositol phos-
phate production in the heart. Eur. J. Pharmacol., 134, 377-378.

SCHOLZ, J. (1989). Inositol trisphosphate, a novel second messenger
for positive inotropic effects in the heart? Klin. Wochenschr., 67,
271-279.

SCHOLZ, J,, KOHL, C. & TOTH, M. (1988a). Effects of carbachol and
(—)-Né-phenylisopropyladenosine on inositolphosphate turnover
and on force of contraction in guinea-pig heart. Naunyn Schmiede-
bergs Arch. Pharmacol., 337 (Suppl.), R62.

SCHOLZ, J., SCHAEFER, B, SCHMITZ, W., SCHOLZ, H., STEINFATH,
M. LOHSE, M., SCHWABE, U. & PUURUNEN, J. (1988b).
Alpha,-adrenoceptor-mediated positive inotropic effect and inosi-
tol trisphosphate increase in mammalian heart. J. Pharmacol. Exp.
Ther., 245, 327-335.

TAJIMA, T., TSUJI, Y., BROWN, J.H. & PAPPANO, A.J. (1987). Pertussis
toxin-insensitive phosphoinositide hydrolysis, membrane depolar-
ization, and positive inotropic effect of carbachol in chick atria.
Circ. Res., 61, 436-445.

(Received March 6, 1990
Revised July 11, 1990
Accepted August 4, 1990)



Br. J. Pharmacol. (1990), 101, 835-838

© Macmillan Press Ltd, 1990

Effects of the cyclo-oxygenase inhibitor, fenbufen, on
clenbuterol-induced hypertrophy of cardiac and skeletal muscle

of rats

R.M. Palmer, M.I. Delday, D.N. McMillan, B.S. Noble, P. Bain & C.A. Maltin

Rowett Research Institute, Bucksburn, Aberdeen, AB2 9SB

1 When rats were fed with clenbuterol for 7 days skeletal muscle mass increased by 21% in the tonic
soleus and phasic plantaris muscles and a 16% hypertrophy of the heart was also induced. Fenbufen, fed
to rats for the same period, blocked the hypertrophy of the heart but not that of the skeletal muscles.

2 When feeding of fenbufen commenced 3 days before the administration of clenbuterol, plasma prosta-
glandin F,, (PGF,,) was reduced by 79%; there was again no effect of fenbufen on clenbuterol-induced
increases in the RNA or protein content of plantaris, nor in the increased area of fast or slow twitch fibres
in the soleus. In the heart the clenbuterol-induced increases in the RNA (+21%) and protein content

(4 20%) were totally inhibited.

3 The effects of clenbuterol on heart muscle appear to be mediated by a cyclo-oxygenase metabolite of
arachidonic acid whilst the effects on skeletal muscle are not.

Introduction

The mode of action of the S-adrenoceptor agonist, clenbu-
terol, in promoting muscle protein deposition remains
unknown. The suggestion that muscle hypertrophy occurred
principally as a result of a decrease in protein degradation
(Reeds et al., 1986) contrasts with the observation of a large
increase in protein synthesis rates in denervated muscle
(Maltin et al., 1987). Even in the innervated muscle, increases
in protein synthesis rates after 3 days have been observed
(Maltin et al., 1989), suggesting that a transient rise in synthe-
sis is at least partly responsible for the hypertrophy in phasic
muscles.

The f-adrenoceptor antagonist, propranolol, was shown to
block the effects of clenbuterol on skeletal muscle in the study
of MacLennan & Edwards (1989) whereas in other studies,
B-adrenoceptor antagonists blocked effects of clenbuterol on
the heart whilst having no effect on skeletal muscle anabolism
(Reeds et al., 1988). This latter observation has led to the sug-
gestion that the skeletal muscle-directed effect of clenbuterol is
separate from its f-mediated effects. Thus the possibility that
the ability of clenbuterol to promote muscle hypertrophy was
indirect and mediated by other hormones or growth factors
has been considered. Interactions between p-adrenoceptor
agonists and insulin binding have been reported in muscle
(Webster et al., 1986) but McElligott et al. (1987) demon-
strated that clenbuterol was effective in diabetic rats, suggest-
ing that the response was not insulin-mediated. The ability of
clenbuterol to cause muscle hypertrophy in Snell dwarf mice
(Pell et al., 1987) suggests that its action is independent of
prolactin, GH and thyroid hormones in which these animals
are deficient.

Non-steroidal anti-inflammatory drugs (NSAIDs), such as
indomethacin and meclofenamate, which reduce prostaglandin
release by inhibition of cyclo-oxygenase, block increases in
protein synthesis induced by stretch (Smith et al., 1983) and by
insulin in vitro (Reeds & Palmer, 1983) and in vivo (Reeds et
al., 1985). These observations have implicated cyclo-oxygenase
metabolites of arachidonic acid, specifically prostaglandin F,,
(PGF,,) (Smith et al., 1983) in the control of protein synthesis.
Another NSAID, fenbufen ( a pro-drug, which is metabolized
in the liver to 4-biphenyl acetic acid) has also been shown to
affect rates of protein synthesis in rat muscle (McMillan et al.,
1987). The present work was undertaken to investigate the

effects of inhibition of prostaglandin synthesis with fenbufen
on clenbuterol-induced muscle hypertrophy.

Methods

Male hooded Lister rats of the Rowett strain were weaned at
19 days and treated prior to experiments as described pre-
viously (Maltin et al., 1986). During the experiments the rats
were housed individually and fed on PW3 diet (Pullar &
Webster, 1977).

Clenbuterol was incorporated into the diet at a concentra-
tion of 2mgkg~! diet, a concentration at which a significant
hypertrophy of skeletal muscle occurred without any adverse
effect on food consumption (Reeds et al., 1986). Fenbufen
(Lederle Laboratories, Gosport, Hants, UK.) was fed at a
concentration in the diet of 1200mgkg~!; this was the
maximum dose which could be fed to rats without causing
gastric ulceration whilst inducing a near maximal inhibition of
prostaglandin release (McMillan, 1987).

In Experiment 1, the diets were fed for 7 days, after which
the animals (4 groups of 6) were killed and tissues removed,
frozen in liquid N, and stored at —20°C until analysed.

In Experiment 2, feeding of fenbufen started 3 days before
the addition of clenbuterol to the diet; thus the rats were fed
fenbufen for a total of 10 days and clenbuterol for 7 days. Ten
rats were subjected to each dietary treatment; on the final day
of the experiment 6 rats from each group were injected via a
lateral tail vein with 150 umol L-phenylalanine plus 75 uCi
L-[2,6-3H]phenylalanine per 100 g body weight (Garlick et al.,
1980). Precisely 10min later the animals were killed and
tissues were dissected and treated either for measurement of
total protein and RNA and rates of protein synthesis (Reeds et
al., 1986), or for fibre area and frequency (Maltin et al., 1986).
The remaining 4 rats/group were not injected with phenylala-
nine. These rats were killed by decapitation, blood was col-
lected from the neck and muscles removed, frozen in liquid N,
and stored at —70°C for PGF,, assay.

PGF,, was measured in serum and muscle after extraction
of 0.5ml serum or homogenization of plantaris muscles in
ethyl acetate: isopropanol: 0.2M HCI (3 : 3 : 1, v/v/v) followed
by the addition of 2ml ethyl acetate and 3mlH,O. After
mixing, 3ml of the organic layer was evaporated to dryness,
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Table 1 Effects of fenbufen on clenbuterol-induced tissue hypertrophy

’ Clenbuterol
Treatment Control Clenbuterol Fenbufen + fenbufen
Weight
Whole body (g) 111 +£3 113 +2 108 +2 106 + 1
Heart (mg) 467 + 10 544 + 13%** 439 + 12 489 + 11**
Soleus (mg) 533 +22 64.3 + 2.9* 523+ 21 62.7 + 1.4**
Plantaris (mg) 820+ 25 99.2 + 2.7** 812 + 21 92.7 + 1.8**

Rats were fed on clenbuterol (2mgkg ™!, diet) and/or fenbufen (1200 mg kg ™!, diet) for 7 days. Values are means + s.e.mean (n = 6).
By Student’s ¢ test: * P < 0.05; ** P < 0.01; *** P < 0.001 v control; ** P < 0.01 v clenbuterol alone.

resuspended and analysed by radioimmunoassay (Dade [*H]-
PGF,, RIA kit; Steranti, St. Albans, Herts).

One way analysis of variance was used to assess the data;
the significance of differences between groups was determined
by Student’s ¢ test.

L-[2,6-*H]phenylalanine was purchased from Amersham
International (Amersham, Bucks, U.K.). All other reagents
were from Sigma, or B.D.H. (both Poole, Dorset).

Results

In the first experiment feeding of clenbuterol and fenbufen was
started simultaneously and continued for 7 days. There were
no significant effects of any treatment on the body weight of
the rats (Table 1). Gut and liver weights were also unaffected
(data not shown). All 4 of the muscles examined
(gastrocnemius, soleus, plantaris and extensor digitorum
longus) showed significant hypertrophy in response to clenbu-
terol with no apparent effect of fenbufen on the hypertrophy;
data for two of these muscles are presented in Table 1. The
heart hypertrophied by 16% in response to clenbuterol alone
and fenbufen appeared partially to reverse this effect: in the
presence of fenbufen the clenbuterol-induced hypertrophy of
the heart was significantly (P < 0.01) less than with clenbu-
terol alone. This effect of fenbufen was not apparent when the
small and non-significant differences in final body weight were
taken into account. Heart weight/100g body weight was
increased from 423 + 5mg (control) to 481 + 6 mg, P < 0.001
(clenbuterol alone). In the presence of fenbufen the increase
was from 410 + 7 (fenbufen alone) to 464 + 8 mg per 100g
body wt., P < 0.001 (fenbufen + clenbuterol).

The second experiment therefore examined the effect of pre-
feeding the rats on fenbufen for 3 days to induce a reduction
in prostaglandin synthesis before clenbuterol administration.
Serum PGF,, was reduced by 79% after fenbufen had been
fed to the rats for 10 days but was not affected by clenbuterol;
muscle PGF,, was reduced by 50% (plantaris) (Table 2). RNA
and protein accretion in both plantaris (Table 3) and soleus
muscle (data not shown) were stimulated by clenbuterol; this
response was unaffected by fenbufen. Clenbuterol also signifi-

Table 2 Effects of fenbufen and clenbuterol on prostaglan-
din F,, (PGF,,) levels in serum and plantaris muscle

PGF,, concentration

pg per 50 ul serum pg per muscle
Control 890 + 108 118 + 12
Clenbuterol 890 + 78 108 + 26
Fenbufen 190 + 12** 64 + 19
Clenbuterol 280 + 96* * 62 + 21
+ fenbufen

Fenbufen (1200mgkg~!) was fed for a total of 10 days; clen-
buterol (2mgkg™!) was fed for 7 days. Values are
means + s.e.mean (n = 4). :

By Student’s ¢ test: **P <0.01 v control; ** P <001 v
clenbuterol alone.

Table 3 Effects of fenbufen and clenbuterol on the RNA
and protein content and fractional rate of protein synthesis
(k,) of plantaris and cardiac muscle

Total RNA Total protein k,
(«g) (mg) (%/day)
Plantaris
Control 151 +3 16.6 + 0.2 164 + 0.8
Clenbuterol 202 + 4%** 20.0 4 0.5%** 17.1 £ 0.7
Fenbufen 150 + 3 163 + 0.4 153+ 03
Clenbuterol 200 + 14** 21.6 + 0.8*** 15.1 £ 0.6
+ fenbufen
Heart
Control 1548 + 71 592+ 1.6 179+ 0.3
Clenbuterol 1872 + 69** 713 £+ 1.7** 18.6 + 0.6
Fenbufen 1476 + 49 547 + 1.1 16.6 £ 0.5
Clenbuterol 1426 + 57** 52.1 + 4.0** 170 £ 0.6
+ fenbufen

Fenbufen (1200 mg kg~ ') was fed for a total of 10 days; clen-
buterol (2mgkg~') was fed for 7 days. Values are
means + s.e.mean (n = 6).

By Student’s ¢ test: **P < 0.01; ***P < 0.001 v control;
## P < 0.01 v clenbuterol alone.

Table 4 Effect of fenbufen on clenbuterol-induced increase in area and frequency of fast oxidative glycolytic (FOG) and slow oxidative

(SO) fibres in soleus muscle

Mean area Mean frequency Mean area
(sq pm) (%) (%)

Fibre type FOG SO FOG SO FOG SO
Control 973 + 31 1226 + 212 430+ 0.8 570 £ 0.8 375+ 0.7 62.5 + 0.7
Clenbuterol 1425 + 69*** 1470 + 77* 474 + 1.6* 52.6 + 1.6* 467 + 1.6 533+ 1.7
Fenbufen 983 + 23 1212 + 30 453+ 1.3 547+ 13 402 + 14 598 + 1.4
Clenbuterol 1427 + 155* 1431 + 144 435+ 1.7 56.5 + 1.7 433+ 13 56.7+ 1.3
+ fenbufen

Fenbufen (1200mgkg ') was fed for a total of 10 days; clenbuterol (2mgkg~"') was fed for 7 days. Values are means + s.e.mean for 6
observations except in the clenbuterol + fenbufen group where n = 5.
By Student’s ¢ test: * P < 0.05; P < 0.001 v control.
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cantly increased the mean area of both fast-twitch oxidative
glycolytic (FOG) and slow-twitch oxidative (SO) fibres in the
soleus (Table 4) and this response too was unaffected by fen-
bufen. However, the mean fibre frequency, which was signifi-
cantly changed by clenbuterol alone (a 10% increase in the
frequency of FOG fibres) was apparently inhibited by fenbu-
fen. In the heart the significant hypertrophy (increases of 21%
in total RNA and 20% in total protein) was totally inhibited
by fenbufen (Table 3).

Discussion

The mechanism of action of clenbuterol in increasing muscle
mass remains poorly understood and has been claimed to
result from changes in both rates of protein degradation and
synthesis. A recent study has shown significant effects on
protein synthesis, particularly in denervated phasic muscles
(Maltin et al., 1989). This increase in the rate of protein syn-
thesis in normal, innervated muscle was transient which has
led to the conclusion (Reeds et al., 1986) that in the rat the
effect of clenbuterol is mainly on protein degradation. The
present study was undertaken to investigate the possibility
that prostaglandin metabolism was involved in the
clenbuterol-induced hypertrophy of muscle. Prostaglandins
have been implicated in the control of both protein synthesis
and protein degradation. One prostaglandin, PGE,, has been
shown to stimulate protein degradation (Rodemann & Gold-
berg, 1982) and is believed to be involved in some pathologi-
cal states involving muscle wasting where a large increase in
rates of protein degradation has been shown to be inhibited
by NSAIDs such as indomethacin and naproxen (Ruff &
Secrist, 1984 ; Tian & Baracos, 1989).

PGF,, was shown to stimulate protein synthesis in rat
(Rodemann & Goldberg, 1982) and rabbit muscle (Smith et
al., 1983) in vitro. The non-steroidal anti-inflammatory drug,
indomethacin, which inhibits the action of cyclo-oxygenase
and thus reduces the metabolism of arachidonic acid to pros-
tanoids, was shown to inhibit the acute effects of insulin in
vivo (Reeds et al., 1985) and in vitro (Reeds & Palmer, 1983).
Fenbufen, a pro-drug which is an active inhibitor of cyclo-
oxygenase only after metabolism to 4-biphenyl acetic acid in
the liver, is preferred in prolonged treatments since the gastric
ulceration caused by feeding indomethacin and aspirin is pre-
vented. Fenbufen inhibited prostaglandin release by 80% and
reduced rates of protein synthesis in normal muscle and in
muscle undergoing hypertrophy in response to tenotomy of a
synergist (McMillan et al., 1987). However, the ability of the
muscle to hypertrophy in response to tenotomy was unim-
paired in that experiment, suggesting that protein degradation
had also been reduced. The results presented here are similar
in that PGF,, was reduced by fenbufen in plantaris muscle
and in serum. However, the reduction in the fractional rate of
protein synthesis in heart and plantaris muscle of the rats fed
fenbufen was in no case statistically significant in the present
study. Together with the ability of plantaris muscle to respond
to clenbuterol in the presence of fenbufen, the data suggest
that the response of skeletal muscle to the f-adrenoceptor
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Differential effects of chronic lorazepam and alprazolam on
benzodiazepine binding and GABA s-receptor function
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1 Chronic benzodiazepine administration has been associated with tolerance and with downregulation
of y-aminobutyric acid, (GABA ,)-receptor binding and function. However, effects of individual benzodia-
zepines on brain regions have varied.

2 To compare the effects of chronic lorazepam and alprazolam, we have administered these drugs to
mice for 1 and 7 days (2mgkg~! day ') and determined benzodiazepine receptor binding in vivo with and
without administration of CL 218,872, 25mgkg~! i.p., and GABA-dependent chloride uptake in 3 brain
regions at these time points.

3 Benzodiazepine binding was decreased in the cortex and hippocampus at day 7 compared to day 1 of
lorazepam, with an increase in CL 218,872-resistant (Type 2) sites in both regions. Maximal GABA-
dependent chloride uptake was also decreased in the cortex and hippocampus at day 7.

4 Binding was decreased only in the cortex after 7 days of alprazolam, with no significant change in
Type 2 binding. Maximal GABA-dependent chloride uptake was also decreased only in the cortex.

5 These data suggest that the effects of chronic benzodiazepine administration on the GABA ,-receptor

may be both region-specific and receptor subtype-specific.

Introduction

In clinical use, chronic benzodiazepine administration is
associated with the development of tolerance to anti-
convulsant and hypnotic effects (e.g, Greenblatt & Shader,
1978). Tolerance has also been observed in a number of
animal models with a variety of benzodiazepines, including
‘classical’  benzodiazepines and the newer tri-
azolobenzodiazepines (Garratt et al, 1989). In previous
studies, we demonstrated the development of tolerance during
chronic administration of the classical benzodiazepine loraze-
pam (Miller et al, 1988a) and the triazolobenzodiazepine
alprazolam (Miller et al., 1989c). In both cases, tolerance was
associated temporally with benzodiazepine receptor down-
regulation and decreased GABA ,-receptor function. Similar
results have been obtained by other investigators for fluraze-
pam (Tietz et al, 1986) and diazepam (Marley & Gallager,
1989).

However, our results indicated that receptor down-
regulation produced by alprazolam and lorazepam had differ-
ing regional specificity. Receptor alterations induced by
lorazepam occurred in the cortex, hypothalamus, and hippo-
campus, whereas those associated with alprazolam occurred
in the cortex and hypothalamus only. A possible mechanism
for this discrepancy is differential effects of the two drugs on
benzodiazepine receptor subtypes (Sieghart, 1989), although
binding studies do not indicate a substantial difference in this
regard (Haefely et al., 1985). We did not assess regional speci-
ficity for y-aminobutyric acid (GABA)-dependent chloride
uptake, although other investigators have demonstrated
effects in the cortex but not the cerebellum after chronic diaze-
pam (Marley & Gallager, 1989).

To assess possible region-specific effects of lorazepam and
alprazolam during chronic administration, we evaluated ben-
zodiazepine binding in vivo and GABA-dependent chloride
uptake in several brain regions both before (day 1) and after
(day 7) the development of tolerance to both compounds. In
addition, we evaluated the relative proportion of benzodiaze-

! Author for correspondence at Box 1007, New England Medical
Center, 750 Washington St., Boston, MA 02111, U.S.A.

pine subtype binding by use of the subtype-specific ligand CL
218,872 (Sato & Neale, 1989).

Methods

Male CD1 mice, 6-8 weeks of age, were obtained from
Charles River Laboratories (Wilmington, MA), given food and
water ad libitum, and maintained on a 12 h light/dark cycle.

Lorazepam and alprazolam (2mgkg~'day~!) were dis-
solved in PEG 400 and administered by subcutaneously
implanted osmotic pumps as previously described (Miller et
al., 1988a). Day 1 was chosen as a point before the develop-
ment of tolerance and receptor alterations, and day 7 as a
point associated with tolerance and receptor changes (Miller
et al., 1988a). Benzodiazepine receptor subtypes were distin-
guished by use of CL 218,872, which appears to bind prefer-
entially to Type 1 sites (Sieghart, 1989). CL 218,872 was
dissolved in ethanol and diluted with saline to a final ethanol
concentration of 0.1%. Vehicle contained 0.1% ethanol
diluted with saline.

Benzodiazepine binding in vivo was performed as previously
described (Miller et al., 1988a). Briefly, mice were injected i.v.
with 3 x#Ci [*H]-Ro15-1788. After 20 min, animals were killed
and brains rapidly removed and dissected on ice. After the
brain regions had been weighed they were dissolved in Proto-
sol (40°C for 24 h) and then counted by scintillation spectrom-
etry. For subtype specific binding mice were injected with CL
218,872, 25mgkg~! i.p., 30 min before the radioligand.

GABA-dependent chloride uptake was performed as pre-
viously described (Miller et al., 1988a). Briefly, cortical syn-
aptoneurosomes were prepared and resuspended in assay
buffer (145mm NaCl, 5mm KCl, 1 mm MgCl,, 1mm CaCl,,
10mm HEPES, pH 7.4). After incubation for 10min at 30°C,
100 4l of membrane suspension mixed with 1004l of a solu-
tion containing muscimol (1-50 M) and 3°C1~, 0.2 4Ciml~*
assay buffer. After 6s the incubation was terminated by addi-
tion of 0.5ml cold assay buffer containing 6 uM picrotoxin and
filtration on Whatman GF/C filters by a Brandel M24 appar-
atus. Filters were washed twice with cold buffer and counted
by scintillation spectrometry.
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[*H]-Ro15-1788 (flumazenil, spec. act. 80 Cimmol~") and
36C]~ (spec. act. 25Cimg~!) were obtained from New
England Nuclear (Boston, MA). Muscimol was obtained from
Sigma and polyethylene glycol 400 (PEG 400) from J.T. Baker
(St. Louis, MO). Osmotic pumps were obtained from Alza
(Palo Alto, CA). Alprazolam was a gift from Upjohn
(Kalamazoo, MI), lorazepam from Wyeth (Philadelphia, PA)
and CL 218,872 from Dr Joseph Moerschbaecher.

Data were analysed by Student’s ¢ test, the Mann-Whitney
test, or analysis of variance with Dunnett’s test.

Results

Benzodiazepine receptor binding in vivo was significantly
decreased in cortex and hippocampus at day 7 compared to
day 1 of lorazepam (cortex, day 1: 1609 + 191 fmolg~!; day
7: 1182 + 150fmol g™~ !; n = 6-9; P < 0.05; hippocampus, day
1: 2509 + 254fmolg™"'; day 7: 1718 + 145fmolg™";
mean + s.e., n = 6-9, P < 0.05; Figure 1). These results are
similar to those previously obtained (Miller et al., 1988a),
except that decreased binding in the hypothalamus did not
reach significance (P < 0.10). Differences in the cerebellum
were not significant (day 1: 668 + 18fmolg™', day 7:
277 + 27fmolg™'; n=6-9; P> 0.15). In contrast, Type 2
benzodiazepine receptor binding (binding remaining after
administration of 25mgkg~! CL 218,872) was increased in
the cortex and hippocampus at day 7 compared to day 1.
Type 2 binding was increased both in absolute terms (cortex,
day 1: 254 + 14fmolg~!; day 7, 405 + 45fmolg™"; P < 0.05;
hippocampus, day 1: 554+23 fmolg™!; day T:
754 + 91fmol g~ '; P < 0.05) and even more dramatically as a
percentage of total specific binding (Figure 1 inset). Changes
in Type 2 binding in the cerebellum (day 1: 241 + 18fmol g™ '
day 7: 277 £ 27 fmolg™'; P > 0.15) and other regions were
not significant.

For alprazolam, benzodiazepine receptor binding in vivo
was significantly decreased in the cortex at day 7 compared to
day 1 (day 1: 1918 +127fmolg™'; day 7:
1595 + 127fmolg™!; n = 7-9; P < 0.05; Figure 2). No alter-
ations in other brain regions were observed (hippocampus,
day 1: 2522 + 214fmolg™!; day 7: 2436 & 145fmolg™!;
n=17-9; P > 0.40; cerebellum, day 1: 914 + 82fmolg™'; day
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Figure 1 Effects of chronic lorazepam on benzodiazepine binding in
vivo. Binding was determined by specific uptake of [*H]-Ro15-1788.
Results are mean and vertical bars show semean, n=7-10.
CB = cerebellum, CX = cortex, HI = hippocampus, HY = hypotha-
lamus, and P-M = pons-medulla. *P < 0.05 vs. day 1. Inset: effects of
chronic lorazepam on Type 2 benzodiazepine binding. Binding was
determined as above after administration of CL 218,872, 25mg kg™!
i.p. Results are means expressed as a percentage of total binding,
n = 6-9. Results in cortex and hippocampus for lorazepam are signifi-
cant (P < 0.05). (B) Day 1; (A) day 7.

30001 40
30

204

10

2000

1000+

Specific binding (fmol g~ ")

HY
Brain region

Figure 2 Effects of chronic alprazolam on benzodiazepine binding in
vivo. Binding was determined by specific uptake of [*H]-Ro15-1788.
Results are mean and vertical bars show s.e.mean, n=7-10.
CB = cerebellum, CX = cortex, HI = hippocampus, HY = hypotha-
lamus, and P-M = pons-medulla. *P < 0.05 vs. day 1. Inset: effects of
chronic alprazolam on Type 2 benzodiazepine binding. Binding was
determined as above after administration of CL 218,872, 25mgkg ™'
i.p. Results are means expressed as a percentage of total binding,
n = 6-9. Results in the cortex are not significant. (72) Day 1; (@) day
7.

7: 818 + 77fmolg™'; n = 7-9, P > 0.30). Unlike in previous
studies (Miller et al., 1989c), alterations in the hypothalamus
did not achieve significance (day 1: 2141 + 214fmolg” 1. day
7: 1809 + 214fmolg™'; n = 7-9; P < 0.15). Type 2 benzodia-
zepine receptor binding was slightly but not significantly
increased in the cortex at day 7 compared to day 1, either as
specific binding (day 1, 295+ 20fmolg™'; day 7,
332 + 25fmolg™!; P < 0.15) or as a percentage of total spe-
cific binding (Figure 2 inset). Changes in Type 2 binding in the
hippocampus  (day 1: 527 + 36fmolg™'; day 7:
618 + 41fmolg™'; P >0.10), cerebellum (day 1:
223 4 14fmolg™!; day 7: 241 £ 18fmolg™'; P > 0.20) and
other brain regions were not significant.

GABA-dependent chloride uptake in the cortex was
decreased at day 7 compared to day 1, as previously found
(Miller et al., 1988a; Figure 3). Maximal chloride uptake was
decreased, but the EC5, for muscimol was not altered (day 1:
3.2uM; day 7; 3.8 uM). A similar decrement in maximal uptake
without a change in the EC5, was observed in the hippo-
campus (ECs,: day 1, 4.2 um; day 7, 3.4 um), but no changes in
either maximal uptake or ECs, for muscimol were observed in
the cerebellum.

For alprazolam, maximal GABA-dependent chloride
uptake was decreased at day 7 compared to day 1 (Figure 4)
with no change in the ECs, (day 1: 3.9 um; day 7: 3.1 M), as
previously demonstrated (Miller et al., 1989c). A small, non
significant decrease in uptake was observed in the hippo-
campus, and no changes in the EC,, for the maximal uptake
of muscimol were observed in the cerebellum.

Discussion

These data corroborate previous studies indicating down-
regulation of GABA,-receptor binding and function after
chronic lorazepam and alprazolam administration (Miller et
al., 1988a; 1989c). For both lorazepam and alprazolam,
decreases in benzodiazepine binding and chloride uptake were
observed in the cortex at day 7 compared to day 1. Binding
was decreased in the hippocampus after lorazepam but not
alprazolam, as previously found. For both drugs decreases in
binding in the hypothalamus did not achieve significance, in
contrast to previous findings (Miller et al., 1988a; 1989c).

The present study extends our previous data in two
respects.  First  regional  alterations observed in
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Figure 3 Effects of chronic lorazepam on GABA ,-receptor function in (a) cortex, (b) hippocampus and (c) cerebellum. Chloride
uptake was determined in the presence (1-50 uM) and absence of muscimol. Maximal uptake was decreased at day 7 (@) compared to
day 1 (Q) for lorazepam in the cortex and hippocampus (P < 0.05). Results are means of 3-5 determinations at each point.
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Figure 4 Effects of chronic alprazolam on GABA ,-receptor function in (a) cortex, (b) hippocampus and (c) cerebellum. Chloride
uptake was determined in the presence (1-50 uM) and absence of muscimol. Maximal uptake was decreased at day 7 (@) compared to
day 1 (Q) for alprazolam in the cortex (P < 0.05). Results are means of 3-5 determinations at each point.

GABA ,-receptor function were analogous to those previously
observed in binding studies. That is, lorazepam effects on
chloride uptake were observed in cortex and hippocampus but
not cerebellum, and alprazolam in cortex alone. Alterations in
cortex but not cerebellum are similar to results obtained for
diazepam by other investigators (Marley & Gallager, 1989). In
addition, the association of changes in benzodiazepine binding
and GABA-dependent chloride uptake observed in this study
has been observed in most (Lopez et al., 1990a,b; Miller et al.,
1989a,b), but not all (Lopez et al., 1989), previous studies.

Second, alterations in binding after chronic lorazepam
appear to have a greater effect on Type 2 benzodiazepine
receptors compared to Type 1 sites. Not only did the binding
in the cortex and hippocampus resistant to CL 218,872 (Type
2) increase after 7 days of lorazepam, but the percentage of
Type 2 sites increased substantially. A non-significant increase
in Type 2 binding was observed with alprazolam. These data
suggest that chronic benzodiazepine treatment may prefer-
entially affect one subclass of benzodiazepine receptors,
despite the use of a ligand (lorazepam) which does not appear
to bind differentially at the two sites. An alternative explana-
tion, although it remains speculative, is that chronic loraze-
pam administration leads to altered receptor structure so that
the ligand used, Ro15-1788, bound preferentially to one site.

For both binding and functional studies, results of chronic
(7 days) treatment were compared to short-term treatment (1
day) as in previous studies. Short-term treatment rather than
vehicle is the appropriate comparison for chronic treatment,
since the presence of a benzodiazepine in the tissue would be
expected to alter the results of both binding and functional
assays. We have previously demonstrated that brain concen-
trations achieved by implanted pumps are unchanged at days
1 and 7 for both lorazepam and alprazolam (Miller et al.,
1988a; 1989¢c), indicating that the comparison of these time
points is appropriate.

Substantial neurochemical evidence (e.g., Sato & Neale,
1989; Sieghart, 1989), and recently molecular biological evi-
dence (e.g., Shivers et al., 1989; Olsen & Tobin, 1990), support
the existence of multiple benzodiazepine receptors. A number
of benzodiazepine, p-carboline, and non-benzodiazepine
ligands have been demonstrated to distinguish between recep-
tor subtypes. The identification of multiple variants of the a, #
and y subunit mRNAs, together with in situ hybridization
studies demonstrating region-specific localization of several
subunits (Shivers et al., 1989), strongly support the existence of
receptor subtypes with different structural and perhaps func-
tional characteristics. Recent transfection studies confirm dif-

ferences in benzodiazepine binding related to the a; versus a,
subunits (Pritchett et al., 1989). Thus, it is likely that several
GABA ,-receptors exist with differing benzodiazepine binding
characteristics and these subtypes are likely to have differing
regional specificity.

Several mechanisms might account for the alteration in the
percentage of Type 1 and Type 2 sites in cortex associated
with chronic lorazepam. It is possible that lorazepam might
mediate interconversion of the two receptor states, either at
the genome or post-translationally. Alternatively, the lack of
alteration in subtype binding in cerebellum, where Type 1
sites predominate, may indicate a specific effect of chronic
lorazepam on Type 2 sites. Finally, chronic lorazepam might
alter receptors such that the radioligand used, Ro15-1788,
binds preferentially to one site.

Our results suggest region-specific effects for chronic loraze-
pam and alprazolam on binding and function at the
GABA ,-receptor. It is unlikely that these effects are related to
dose or drug concentration, since the same doses were used
and the regimen used maintains similar chronic drug concen-
trations in brain. However, it remains possible that different
concentrations of individual benzodiazepines are required to
alter receptors in different regions. Our results over a broad
dose range for lorazepam (1-10mgkg~ ! day ') argue against
this hypothesis (Miller et al, 1988b). That is, results are
similar with different lorazepam doses but are distinct from
alprazolam at each dose evaluated. Rather, it appears more
likely that chronic lorazepam downregulates benzodiazepine
sites in the cortex and hippocampus, with a preference for
Type 2 sites. In contrast, alprazolam downregulates receptors
in the cortex only, without a significant effect on either recep-
tor subtype. Effects on GABA,-receptor function exhibit
similar regional specificity. It is possible that these differential
effects are due to the binding characteristics of lorazepam and
alprazolam. It is also possible that either compound might
effect another neurotransmitter system, with indirect effects on
the GABA, complex. Finally, the two drugs might differenti-
ally affect the GABA ,-receptor subunit gene expression. Addi-
tional studies examining the effects of these compounds on the
GABA ,-receptor gene regulation may shed light on this
hypothesis.
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Myocardial uptake of lignocaine: pharmacokinetics and
pharmacodynamics in the isolated perfused heart of the rabbit
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1 The uptake kinetics and pharmacodynamics of lignocaine were studied in the isolated perfused heart
of the rabbit.

2 Six hearts were perfused with increasing concentrations of lignocaine in a modified Krebs-Henseleit
buffer. The effluent concentration together with the increase in QRS duration were measured during
lignocaine infusion and during 20 min after cessation of lignocaine infusion.

3 Lignocaine disposition and elimination were best described by a two-compartment open model. Ter-
minal half-life was 11.0 + 2.9 min. The unidirectional transfer was slower from central to peripheral com-
partment than from peripheral to central compartment (T, ;, = 42.6 + 10.5min whereas T,,, ,, = 10.7
+ 2.8 min). The myocardium/perfusate concentration-ratio was 4.7 + 0.4,

4 The pharmacodynamic effect was best described in the central compartment by using the Hill equa-
tion. Calculated maximum QRS duration (E,,,) was 77 + 8ms. E_,, was also directly measured in four
additional rabbits by infusing ten times the dose of lignocaine used in the main experiment: the value of
E,.. measured in these conditions was 92.5 + 9.6ms, ie. a QRS widening of 150%. The steady-state
perfusate concentration producing half the effect (Cs,) was 15.7 + 7.6 ugml 1.

6 In conclusion, the specific lignocaine binding leading to increase in QRS duration appeared to be
more closely related to the vascular stream than non specific binding leading to a deeper accumulation

process.

Introduction

Lignocaine is a widely used class 1b antiarrhythmic agent. It is
presumed to exert almost no effect over QRS duration
(Goodman & Gilman, 1985). Numerous experiments have
studied lignocaine myocardial uptake as a function of regional
coronary blood flow and/or as a function of myocardial isch-
aemia (Zito et al., 1981; Patterson et al., 1982; Horowitz et al.,
1986). Nevertheless, myocardial uptake of lignocaine remains
to be quantified in term of kinetics and dynamics as: (i) the
myocardial tissue uptake kinetics of various drugs seems to be
directly related to their lipophilicity expressed as the octanol/
water partition coefficient (Liillmann et al, 1979), and (ii)
various drugs exhibit hysteresis when comparisons are made
between pharmacokinetics and pharmacodynamics (Galeazzi
et al., 1976; Sheiner et al., 1979; Keefe & Kates, 1981). This
hysteresis between pharmacokinetic and pharmacodynamic
data may indicate that the site of effect is located far from the
sampling site, i.e. usually the central compartment. This lack
of correlation between tissue uptake and effect has been
related to different locations between the sites of accumulation
and the sites of action: while the myocardial tissue uptake
kinetics of various drugs seem to be directly related to their
lipophilicity, the effect dynamics are probably determined by
the receptor site location (Liillmann et al, 1979; Pang &
Sperelakis, 1983). Thus, the aim of the present study was to
quantify the relationship between the pharmacokinetics of lig-
nocaine myocardial uptake and the increase in QRS duration
induced by lignocaine. For this purpose, we have chosen an
isolated single pass perfused rabbit heart model.

We have measured lignocaine uptake by and release from
the heart in conjunction with its effects on the QRS duration.
Both the physico-chemical properties of the molecule
(octanol/water partition coefficient = 79 (molality),
pKa = 7.57) and the clinical experience led us to presume that
lignocaine myocardial uptake and release is rapid. We, thus,
used increasing infusion concentrations in order to obtain
multiple pseudo steady-state concentrations of lignocaine.

! Author for correspondence.

Methods

Heart preparation

Six male New Zealand rabbits weighing 2215 1+ 650g,
(mean + s.d.), (range 1350-3200g) were anaesthetized with
urethane, 2.5gkg™! i.p. A tracheostomy was performed and
the animals were ventilated with a Braun Melsugen (874070)
apparatus. The chest was opened via a midline incision and
the heart was removed and mounted quickly on the perfusion
apparatus: the aorta was cannulated and perfused retro-
gradely.

In order to determine the maximum attainable increase in
QRS duration, four additional rabbits were perfused with ten
times the dose of lignocaine used in the main experiment.

Perfusion procedure

We used a modification of the procedure described by Gillis &
Kates, 1986. The heart was perfused with a modified Krebs-
Henseleit buffer in a single pass design. A mixture of 95% O,
and 5% CO, was bubbled through the perfusate. The per-
fusate flowing through the coronary arteries was maintained
at a constant inflow of 20mImin~' with a pump (Watson-
Marlow). The drug was delivered into the affluent perfusate
just before the aorta via an automatic syringe. Teflon tubing
was used for the pump and syringe connections to avoid non
specific adsorption. The temperature and pressure were mea-
sured just before the aorta. The temperature was 38.2 + 0.5°C
and the pressure was 25 + 4mmHg. The pulmonary artery
was cannulated for collection of the effluent perfusate. The
coronary effluent flow, measured from the pulmonary artery,
was 19.5 + 0.7mlmin ~!. The hearts were paced atrially with a
bipolar electrode, positioned in the region of the sinus node at
a cycle length of 300 ms, by use of a Hugo Sachs type 17071
Al stimulator.

The buffer composition consisted of (millimolar): NaCl 106,
KCl 4.0, MgSO,, 7H,0 1.1, KH,PO, 0.9, NaHCO; 40.0,
dextrose 5.5, pyruvic acid 2.0 and CaCl, 1.8. No heparin was
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injected during the whole procedure. Lignocaine hydro-
chloride was infused via the automatic syringe at five increas-
ing amount rates: 0.10 uM min~" (30 ug min ") during the first
8min; 021uMmin~! (60ugmin~!) from 8 to 16min;
0.52uMmin~! (150ugmin~!) from 16 to 24min;
1.04uMmin~! (300ugmin~') from 24 to 32min and
2.08 M min ! (600 ug min~?) from 32 to 42 min. The last infu-
sion period was maintained longer than the preceding ones in
order to approach a steady-state. The rates corresponded to
concentrations of 5, 10, 26, 52, 104nMmml~! (1.5, 3, 7.5, 15 and
30 ugml~ ') in buffer.

Measurements

Four wire ECG electrodes were positioned on the epicardial
surface of the heart, one on the right atria, one on the left
atria, one on the apex and one on the free wall of the right
ventricle. Two leads of the ECG were monitored continuously
on a Honeywell CM 130 electrocardioscope and recordings
were made with a Beckman Dynograph chart recorder at a
paper speed of 250mms~'. The QRS duration of three con-
secutive beats were measured manually, and averaged. The
heart was perfused for 20-25min to allow stabilization of the
ECG. After obtaining a stable baseline ECG, the infusion of
lignocaine was started. Lignocaine concentration was mea-
sured in the effluent before lignocaine infusion and 2, 3, 4, 6, 8,
9,10, 11, 12, 14, 16, 17, 18, 19, 20, 22, 24, 25, 26, 27, 28, 30, 32,
33, 34, 35, 36, 38, 40 and 42min after starting the infusion.
Lignocaine infusion was stopped after 42 min. Lignocaine was
measured in the effluent 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, 16, 18,
23, 28, 33 and 38min after cessation of lignocaine infusion.
ECGs were recorded before lignocaine infusion and then at
each minute until cessation of lignocaine infusion. After cessa-
tion of lignocaine infusion, ECGs were recorded at the same
time periods as the effluent was sampled.

Lignocaine assay

Lignocaine was measured by a gas chromatographic assay
(Coyle & Denson, 1986). Briefly, after a single extraction in
toluene using etidocaine as the internal standard, 3 ul of the
extract were injected in a Varian 3400 gas chromatograph
equipped with a 3m x 2mm id. glass column fitted with 3%
OV-11 on 100-120 mesh Chromosorb W (AW/DMCS). The
detection was made with a nitrogen specific detector.

Kinetic-dynamic analysis

Rationale for kinetic and dynamic analysis The outflow
concentration-time data were fitted to both a one and a two
compartment model (Figure 1). The discrimination between
these two models was made by using both visual inspection
and the Akai criterion (Yamaoka et al., 1978). The data were
always best fitted by using the two compartment model.

The following abbreviations are used: C, concentration in
the afferent perfusate; C concentration in the efferent per-
fusate; t time; T time of infusion. While infusion is continuing,
T = ¢t and varies with time. When infusion ceases, T becomes
a constant corresponding to the duration of infusion. k;; rate
constant from compartment i to compartment j; 4, hybrid
rate constant (initial phase); 4, hybrid rate constant (terminal
phase); T,,,;; unidirectional half-life from compartment ito
compartment j; T,, terminal half-life; K myocardium/
perfusate concentration-ratio at steady-state; E observed QRS
duration; E, resting QRS duration; E,,, theoretical
maximum QRS duration; A5, amount of drug in the central
compartment producing half the maximum increase in QRS
duration at steady-state; Cs, afferent perfusate concentration
producing half the maximum increase in QRS duration at
steady-state; A, amount of drug in the central compartment;
A, amount of drug in the peripheral compartment.

Similarly, we compared a linear proportional model (Gillis
& Kates, 1986) and the simplest Hill model for the effect-time

data fitting (increase in QRS duration). For that purpose we
perfused four additional rabbit hearts with ten times the
highest concentration used in the main experiment, ie.
21uMmin~! in order to determine approximately the
maximum QRS widening.

The dynamic data (increase in QRS duration) were compa-
ratively fitted to the central or peripheral compartment con-
centrations or to a special effect compartment concentration
(Sheiner et al., 1979), by using the Akaike criterion (Yamaoka
et al., 1978), whereas the comparison between the linear pro-
portional model and the Hill model used the F ratio test
(Boxenbaum et al., 1974).

Pharmacokinetics A two-compartment open model, with
elimination from the central compartment, was used to
describe the concentration-time data measured in the effluent
perfusate (Figure 1).

By remembering that the rate of appearance of drug in the
outflow perfusate (Q x C) is directly related to the amount of
drug in the central compartment:

QxC=kyoxA,

one obtains the following equation describing the concentra-
tion in the effluent (Gibaldi & Perrier 1982, p. 64):

C = Cy(R(e~M¢-P — e~41t) 4 Rife 4~ — ™)),
with

;2 ks — 2)

R, = Adkay = 24 =
2 ky(A =AY

YT kg — Ay)
ie. R,=1-R]

Since the concentration in the central compartment is not
known, we cannot estimate any volume.

The following parameters also were derived: The terminal
half-life (T,,,) = 0.693/4,, the ratio of drug mass between the
peripheral and the central compartments at steady-state
expressed by the ratio of the intercompartmental rate con-
stants, k,,/k,, and the myocardium tissue/afferent perfusate
concentration ratio at steady-state (K).

and

Pharmacodynamics The QRS duration was fitted according
to the simplest model of the Hill equation (Gibaldi & Perrier,
1982; p. 222 and 233) with respect to the amount of drug in
the central compartment (assuming no time-dependent change
in volumes):

(me - EO) X Al

(Aso +Ay)
where E is the observed QRS duration, E, is the resting QRS
duration, E_, is the theoretical maximum QRS duration, A,

is the amount of drug in the central compartment producing
half of the maximum increase in QRS duration. Cg,, the affer-

E=Eo+

A

CQXQ cCxQ

k12‘ fku

Az

Figure 1 Open two compartment model used for kinetics and
dynamics. Abbreviations are defined in text.



ent perfusate steady-state concentration producing half of the
maximum increase in QRS duration also was calculated.

The two sets of data were independently fitted using a non-
linear regression programme (PCNONLIN). Estimates of the
kinetic parameters were used for the dynamic analysis. A con-
stant coefficient of variation of the lignocaine assay was
assumed so that the data were iteratively reweighted using the
inverse of the concentration squared. A constant variance was
assumed for the QRS duration measurement and the effect
data were iteratively reweighted using the inverse of the mea-
sured QRS duration.

All the results are expressed as the mean + s.d.

Results

Myocardial uptake kinetics (Table 1 and Figure 2)

The assumptions of immediate mixing and linear phar-
macokinetics provided excellent fitting. Both visual inspection
and Akai’s criterion showed that the data were best adjusted
to the two compartment model rather than to a one com-
partment model (Figure 2). The asymptotic correlation coeffi-
cient was greater than 0.985 for all observations.

The exchange kinetics were rapid as it was presumed from
the physicochemical properties of the molecule. The elimi-
nation rate constant k,, was 0.642 + 0.091 min~' and the ter-
minal (elimination from the heart) half-life (T,,) was
11.0 + 29 min. Despite a marked two-compartment profile,
most of the drug remained in the central compartment: the
unidirectional transfer was much slower from central to per-
ipheral compartment than from peripheral to central com-
partment (T, ,, = 42.6 + 10.5min, whereas T,,, ,; = 10.7
+ 2.8 min). In other words, at steady state, only one fifth of
the drug actually in the heart was distributed in the peripheral
compartment (k,,/k,, = 0.25 + 0.04).

Lignocaine concentration
(ng mi™")

T T T T T T 1
8 16 24 32 42 60 80

Time (min)

r
0

Figure 2 Concentration-time data observed in the effluent perfusate
in the six rabbits (mean values are shown with s.d. indicated by verti-
cal bars). The solid line represents the computer simulation obtained
with the average estimates of the parameters.
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Increase in QRS duration

Time (min)

Figure 3 Increase in QRS duration (E,,, — E,) observed in the six
rabbits (mean values are shown with s.d. indicated by vertical bars).
The solid line represents the computer simulation obtained with the
average estimates of the parameters.

Pharmacodynamics (Table 1 and Figure 3)

After 20-25 min equilibration time, basal heart rate and QRS
duration remained stable. When paced at 300 ms, the rabbit
hearts exhibited a resting QRS duration (E,) of 36 + 3 ms. All
rabbit hearts receiving 21 uMmin~! of lignocaine stopped
beating within 45s after the beginning of infusion after a short
period of bradycardia (the stimulation voltage was not raised
in an attempt to overcome the asystole). The asystole period
was brief and all the hearts totally recovered within 5min
after cessation of lignocaine infusion. These hearts receiving
21 uMmmin~! of lignocaine exhibited a measured maximum
QRS duration of 92.5 + 9.5ms (150 + 20% increase in QRS
duration).

The QRS duration increased rapidly with lignocaine infu-
sion, even at the lower doses. Nevertheless, the atrial stimu-
lation was efficient for all the experiments throughout the
study. The effector site responsible for the increase in QRS
duration appeared to be located in the central rather than in
any other compartment (peripheral or special ‘effect’
compartment) (Figure 3). The adequacy of fitting was excel-
lent with respect to the imprecision of the measure of the QRS
duration: the asymptotic correlation coefficient was higher
than 0.96 for all observations.

Discussion

In the present in vitro experiment, myocardial uptake kinetics
of lignocaine appeared likely to be described by a two com-
partment model. This fact may be related to the studies by
Liillmann et al. (1979). Large differences in the rate and degree
of binding to guinea-pig atria between drugs have actually
been attributed by these authors to differences in lipophilicity.
They reported that the myocardium is made up of four differ-
ent successive compartments: (1) the extracellular fluid rep-
resenting about one third of the volume of the muscle, (2) the
phospholipid layer, (3) the intracellular water and (4) the

Table 1 Measured and estimated parameters from the six rabbit hearts

ki, kay Ay
Rabbit (min~?) (min~?) (min~?)
1 0.0130 0.0480 0.5726
2 0.0187 0.0555 0.7476
3 0.0131 0.0628 0.6589
4 0.0153 0.0637 0.5416
5 0.0268 0.1146 0.7878
6 0.0170 0.0732 0.6596
Mean 0.0173 0.0696 0.6613
sd. 0.0052 0.0232 0.0956

A’z EO Emn CSO
(min~')  (ms) (ms) (ug ml~1) K
0.0468 40 64 14.5 54
0.0540 36 73 124 4.3
0.0614 33 87 29.7 4.7
0.0617 36 81 13.7 43
0.1101 33 82 72 4.7
0.0710 38 75 17 5.1
0.0675 36 77 15.7 4.7
0.0224 3 8 7.6 0.4
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intracellular components. In the case of lignocaine, two com-
partments can be clearly differentiated. The first (central) com-
partment is the most important with 80% of the drug
distributed in it at steady-state. This distribution profile pre-
vents the heart from accumulating lignocaine in a deeper com-
partment and thus, may explain in part that the effect of
lignocaine rapidly disappears upon infusion discontinuation.
The steady-state concentration-ratio of lignocaine between
myocardium and perfusate was K = 4.7 + 0.4. This value is in
accordance with a partition of 2.8 between myocardium and
arterial whole blood in the anaesthetized sheep (Nancarrow et
al., 1987) and a myocardium/blood ratio of 5.4 reported in
anaesthetized rabbits (Halpern et al., 1984). In the present
study performed on rabbit isolated hearts, no protein and/or
blood cells were added to the perfusate. Thus, K may not ade-
quately reflect the in vivo steady-state myocardium/blood
concentration-ratio. In fact, only the free fraction of a drug is
presumed available for equilibration between the different
compartments of the body (Tozer, 1981). Since lignocaine is
about 60-80% bound in serum as well as in whole blood
(McNamara et al., 1981; Coyle & Denson, 1984; Nancarrow
et al, 1987), the in vivo steady-state myocardium/perfusate
concentration-ratio may be three to four times lower than that
observed in the present study.

The pharmacodynamic data were best fitted by the Hill
(Epnay) model rather than the linear proportional model (F
test). We observed a 150% maximum increase in QRS dura-
tion in the four rabbits in which ten times the dose of ligno-
caine was infused. This value may be interpreted with care
since the hearts stopped beating rapidly, which may have led
to an underestimation of E_,,. Albeit lower when estimated
than when directly measured (77 + 8 vs. 92.5 + 9.5ms), E_,,
was of the same order of magnitude in the two groups. Thus,
lignocaine may induce an increase in QRS duration even at
relatively low perfusate concentrations (Figure 3). Although
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Sensitivity of hippocampal neurones to kainic acid, and

antagonism by kynurenate

T.W. Stone

Department of Pharmacology, University of Glasgow, Glasgow G12 8QQ, Scotland

1 The sensitivity to kainic acid of neurones in the CA1 and CA3 regions of rat hippocampal slices has
been examined by microiontophoresis and by superfusion methods.

2 When the iontophoretic currents needed to produce comparable plateaux of firing were compared,
neurones in the pyramidal cell layer of the CA3 region were approximately 5 times more sensitive than
cells in the CA1 region. No difference was noted in sensitivity to N-methyl-D-aspartate (NMDA) or quis-
qualate.

3 When kainate was superfused at known concentrations, the threshold for eliciting excitation in CAl
was 2.1 um. The threshold concentration in CA3 was 0.24 uM.

4 Two weeks after the stereotaxic intrahippocampal injection of colchicine, the granule cells of the
dentate gyrus and thus the mossy fibre projections to CA3 were destroyed. In slices prepared from
animals thus treated the threshold concentration of kainate for eliciting excitation had risen to 1.64 uM.

5 Kainate was less effective in promoting the development of epileptiform bursts of neuronal firing in
colchicine-treated slices than in controls.

6 Kynurenic acid antagonized the excitation of CA1 neurones elicited by kainate, NMDA or quisqua-
late. In the CA3 region kynurenate antagonized selectively responses to microiontophoretic NMDA, with
little effect on responses to kainate or quisqualate.

7 In slices taken from colchicine-treated rats kynurenate was able to block responses to kainate in the
CA3 area in parallel with responses to NMDA.

8 Taken together the results suggest that the excitatory responses to kainate in the CA3 region may be
partly due to a presynaptic action on mossy fibre terminals to release endogenous amino acids. The
differential action of kynurenate in normal and lesioned slices may, therefore, indicate that the post-
synaptic kainate receptors are sensitive to antagonism by this compound whereas the presynaptic recep-

tors are resistant to kynurenate.

Introduction

High affinity binding sites for kainic acid are located in many
regions of the central nervous system but occur with highest
density in the CA3 region of the hippocampus (Foster et al,
1981; Unnerstall & Wamsley, 1983; Greenamyre et al., 1985;
Monaghan et al., 1985). This location corresponds to a high
sensitivity of neurones to locally applied kainic acid (de Mon-
tigny & Tardif, 1981; Robinson & Deadwyler, 1981). De
Montigny & Tardif (1981) demonstrated that pyramidal neu-
rones in the CA3 region were approximately 80 fold more sen-
sitive to iontophoretically applied kainate than pyramidal
neurones in the CAl region.

However, the kainate binding sites in CA3 appear to be
localized, at least partly, on the presynaptic terminals of
mossy fibre afferents arriving from dentate gyrus granule
cells, since destruction of this pathway causes a profound loss
in the number of binding sites (Represa et al., 1987). This
change is accompanied by a reduced excitatory potency of
jontophoretically applied kainate (de Montigny et al., 1987). It
is possible therefore that the greater sensitivity of CA3 neu-
rones to kainate is partly the result of its acting presynapti-
cally to promote the release of endogenous compounds, which
contribute to the excitatory response. Consistent with this
idea is the demonstration that kainic acid can promote the
release of both glutamate and aspartate from nerve terminals
(Collins et al., 1983; Ferkany & Coyle, 1983; Potashner &
Gerard, 1983; Connick & Stone, 1988). In the present study
we have therefore compared the potency of kainic acid on
CA3 pyramidal cells in the normal hippocampal slice and
slices prepared from animals pretreated with colchicine to
remove the mossy fibre projection.

Kynurenic acid was described as a selective amino acid
antagonist in the cerebral cortex by Perkins & Stone (1982)

and has since been used widely to block the three major
classes of excitatory amino acid receptors (N-methyl-D-aspar-
tate, NMDA, kainate and quisqualate) in many regions of the
nervous system and a variety of synaptic pathways (reviewed
in Stone et al., 1989). However, on some neurones in the CNS
kynurenic acid will distinguish, to a variable extent, between
NMDA receptors and those for kainate and quisqualate,
usually producing a greater degree of blockade of the former
(Ganong et al., 1983; Herrling, 1985; Elmslie & Yoshikami,
1985). As a second objective in the present study therefore we
have attempted to examine the effects of kynurenic acid in
both CA1 and CA3 regions, in order to determine whether the
removal of the mossy fibre projection changes the sensitivity
of amino acids to blockade by kynurenate.

Methods

Slices were prepared at a thickness of 500um from male
Wistar rats killed by stunning and cervical dislocation. The
slices were preincubated in an artificial CSF medium
(composition in mm: NaCl 115, KCl 5, KH,PO, 15,
NaHCO, 25, CaCl, 2.5, MgSO, 1.2, glucose 10) saturated
with 5% CO, in O,. The slices were maintained in this
medium at room temperature (21-24°C) for at least one hour
before experimentation. Individual slices were then transferred
onto a nylon net submerged in a 0.5ml perfusion chamber,
where they were superfused with medium of the same com-
position at a rate of approximately 3ml min~! and a tem-
perature of 30°C.

In order to obtain quantitative estimates of the sensitivity of
neurones to kainate, two methods were used. Firstly the com-
pound was applied by microiontophoresis (Stone, 1985) in a
regular sequence with quisqualate and NMDA, so as to
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produce a plateau of cell firing rate of around 30Hz. The
ejecting currents of each agonist required to produce these
plateaux were then taken as an indication of the relative sensi-
tivity of the tested neurones. Compounds were applied from 5
or 7 barrelled micropipettes (Clarke Electromedical) broken
back to an overall tip diameter of about 2um. The barrels
were filled with a selection of the following solutions in water:
kainate SmMm, pH 7; N-methyl-pD-aspartate (NMDA) 20 mwm,
pH 7; quisqualate SmMm, pH 7.5. One barrel contained 3M
NacCl for current balancing and ejection was performed by use
of a regular time cycle, so as to prevent changes in the amount
of compound released for a given current.

In order to obtain more accurate estimates of the absolute
sensitivity of neurones to kainate, the agonist was applied
directly into the superfusing medium at known concentrations
while single cell firing was recorded by a microelectrode filled
with 1M NaCl. This arrangement also served to detect epilep-
tiform bursts of localised groups of cells which sometimes
developed following the initial excitation of units by kainate.
In all such superfusion experiments 2 min kainate applications
were made at least 15min apart, so as to minimize any ten-
dency to overdepolarization, desensitization or excitotoxicity.
Since virtually all the cells tested in this way were initially
silent, it was possible to quantify the degree of excitation by
counting the total number of spikes produced during the
response using a digital counter (Neurolog).

For the subsequent examination of the antagonism of
amino acid excitation by kynurenate, a comparison was made
of the sensitivity to several agonists applied by micro-
iontophoresis. The details of solutions used are noted above.
Recordings of cell firing rate were made through a separate
single electrode filled with 1M NaCl and glued alongside the
multibarrel assembly (Stone, 1985). The position of the record-
ing electrode was adjusted so that the tip protruded 40-50 um
beyond the multibarrelled iontophoretic assembly.

Action potentials were amplified, discriminated and counted
to produce instantaneous ratemeter recordings and histogram
records of firing rate. In order to minimize the recognised
variability which can exist in the ejecting characteristics of dif-
ferent iontophoretic electrodes, cell sensitivity was always
compared with the same electrode in the CA1 and CA3 areas
on any one slice.

Mossy fibre lesions

Small amounts of colchicine can be used to destroy selectively
the mossy fibre projection from the granule cells to CA3 pyr-
amidal cells (Goldschmidt & Steward, 1980; Represa et al.,
1987; de Montigny et al., 1987). Rats were anaesthetized with
pentobarbitone, 60mgkg ™! i.p., and a small burr hole made
in the skull to allow the stereotaxic insertion of a microsyringe
into the hippocampal formation. Colchicine 2umol was
injected into the hippocampus in 0.25 ul of saline at coordi-
nates AP 3mm (caudal to bregma), lateral 2.8 mm, vertical
3.0mm according to the atlas of Pellegrino. et al. (1981). The
scalp was sutured and the animal allowed to recover for two
weeks, at which time the animal was killed for the preparation
of brain slices. One slice from each animal was preserved in
10% formaldehyde in saline for subsequent histology to
confirm the extent of lesioning.

Quantitative data are presented as mean + s.e.mean. Sta-
tistical comparisons were made by use of Student’s two-tailed
t test for superfusion data (between slices) and paired ¢ test for
iontophoretic data (in which comparisons were made between
subregions of each slice).

Results

The sensitivity of CA1 and CA3 pyramidal cells was com-
pared initially by use of microiontophoresis. The application
of the three agonists kainate, quisqualate and NMDA by
microiontophoresis readily produced excitation of all cells
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Figure 1 (a) Ratemeter records of the responses of a neurone in the
CAl pyramidal layer to the iontophoretic application of kainate
(Kain) with a current of 32nA, quisqualate (Quis) with a current of
22nA and N-methyl-p-aspartate (NMDA) with a current of 36nA.
The currents were adjusted to produce plateaux of firing rate of
approximately 30 Hz. (b and c) Show the ejecting currents required in
control (b) and colchicine-lesioned (c) rats to elicit plateau firing of
cells in the CA1 (open columns) or CA3 (hatched columns) regions of
hippocampal slices. Each column shows the mean current
(n = number in column) and bars represent s.e.mean. ** P < 0.05.

tested in both regions of the hippocampus. Figure 1 illustrates
the type of responses obtained by adjusting the ejecting cur-
rents so as to induce a plateau of firing rate at about 30 Hz,
and also summarizes the iontophoretic currents required to
elicit these plateaux. It is clear that the currents required for
NMDA and quisqualate are similar in CA1 and CA3 pyrami-
dal cells, but the sensitivity to kainate is approximately 5
times greater in the CA3 region. Indeed the difference in
sensitivity to kainate was the only significant difference noted
between the two regions.

Superfusion of the slices with medium containing kainate at
various concentrations in the range 0.01 to 10uM caused
concentration-related increases of the firing frequency of both
spontaneously active and initially silent units. In the CAl
region excitation was produced by perfusion with kainate at
threshold concentrations (the smallest concentration eliciting
an observable increase of firing rate) ranging from 0.8 to
3.5um (mean 2.1 +0.41um, n=6). However, in the CA3
region a threshold excitation was elicited by concentrations in
the range 0.05-0.40 uM (mean 0.24 1 0.06, n = 6) (Figure 2).

Above these threshold levels the dose-response relationships
for kainate superfusion were similar on both populations of
pyramidal cells and appeared to be parallel (Figure 3).
However, no attempt was made to seek maximum responses,
because of the problems of achieving this with a potent com-
pound which can cause overdepolarization or excitotoxicity
on repeated applications of high concentrations.

Microiontophoresis on colchicine-lesioned slices

Destruction of the mossy fibre projection from the dentate
gyrus to CA3 pyramidal cells was essentially complete when
viewed by light microscopy in most of the animals treated
with colchicine. The histologically observable damage in a
typical lesioned hippocampus is illustrated in Figure 4. In
slices taken from such animals the threshold range for eliciting
CA3 cell excitation by kainate superfusion was 0.35-2.5 um.
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Figure 2 (A, a—d) Ratemeter records of the activity of a CA3 neurone
in response to superfusion with kainate; (a) threshold of 0.25 uM, (b)
0.5uM, (c) 1uM, (d) 5um. (B) Record showing epileptiform bursts of
activity of a cell in the CA3 region of a different slice, induced by
kainate (0.25uM) in the absence of any overt change of single cell
firing. The scales shown apply to all records.

The mean value of 1.64 + 0.35uM (n = 6) was significantly
greater than that obtained from intact slices (P < 0.05).

Kainate-induced epileptiform activity

Not all slices from which an excitatory response to kainate
had been recorded went on to develop epileptiform bursts of

Total spikes elicited (x 1073)

T T T
0.1 0.25 0.5 1.0 25 5 10
Kainate concentration (u.m)

Figure 3 Partial dose-response curves for the excitation caused by
kainate of neurones in the CA1l region ([J), neurones in the CA3
region of control rats (@) and neurones in the CA3 region of colchi-
cine lesioned animals (O). The ordinate scale indicates the total spike
count during the response to 2min superfusion of kainate. Points
indicate the mean and vertical bars show s.e.mean for 4-6 slices.
* Significantly different from control slices at P < 0.05.

Figure 4 Photomicrograph of a section through the hippocampus of
a rat treated with colchicine (2.5 umol) 14 days previously. In com-
parison with the untreated side, the lesioned hippocampus is seen to
lack the granule cell layer of the dentate region, which normally pro-
jects to the CA3 layer of pyramidal cells. The scale bar represents
I mm.
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cell firing. Equally, some cells which did not show an imme-
diate increase of firing rate in response to kainate were
involved in epileptiform bursts of activity, which arose from a
few seconds to several minutes after the kainate superfusion.
An example of such a cell is illustrated in Figure 2. The con-
centrations of kainate eliciting such bursts therefore did not
exactly parallel the concentrations causing excitation. On 8
control slices bursts occurred only following kainate applica-
tions at a mean concentration of 1.19 + 0.16 uM. In colchicine-
treated slices this value rose significantly to 6.25 + 1.25um
(n=4; P <0.05).

Antagonism by kynurenic acid

Figure 5 illustrates the responses of a neurone in the CAl
region excited by each of the three excitants tested. Super-
fusion with kynurenic acid at a concentration of 200um
decreased sensitivity to all three agents. On some cells NMDA
responses were antagonized to a relatively greater extent than
kainate and quisqualate, but no concentration of kynurenic
acid was found which would produce any reduction of
NMDA responses without affecting the other two agonists to
some extent. At the concentration illustrated (200 um) all three
agonists could be fully antagonized on all the neurones tested.
At the lower concentration of 100 uM responses to all three
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Figure 5 Records of the firing rate of a neurone in the CAl pyrami-
dal cell region in response to the iontophoretic application of N-
methyl-p-aspartate (N) 24 nA, kainate (K) 40nA and quisqualate (Q)
28 nA. (a) Shows control responses, (b) the non-selective blockade of
all three agonists by kynurenic acid 200 uM, and (c) illustrates recovery
6 min later.
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Figure 6 (a) Records of the firing rate of a neurone in the CA3

region of a normal hippocampus in response to the iontophoretic
application of N-methyl-p-aspartate (NMDA, N) 35nA, quisqualate
(Q) 18nA, and kainate (K) 35nA. Superfusion of the slice with kynu-
renic acid 200um blocked selectively the responses to NMDA. (b)
Shows recovery S min later.

agents were reduced partially — kainate by 52 + 11% (n = 10),
quisqualate by 40 + 4% (n = 12) and NMDA by 58 + 10%
(n=12).

Figure 6 illustrates the responses of a neurone in the CA3
region. In this case kynurenic acid at a concentration of
200 um produced a total blockade of the responses to NMDA
without affecting sensitivity to kainate (92 + 16% of control,
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Figure 7 (a) Records of the firing rate of a neurone in the CA3
region of a hippocampus taken from a colchicine-treated rat. Excita-
tion is seen in response to the iontophoretic application of N-methyl-
p-aspartate (NMDA, N) 30nA, kainate (K) 30nA and quisqualate (Q)
20nA. (b) Superfusion with kynurenic acid 200 M antagonised the
responses to NMDA and kainate while having little effect on sensi-
tivity to quisqualate. (c) Shows recovery 5min after the addition of
kynurenate.

n =9) or quisqualate (98 + 11%, n = 10). Even at a concen-
tration of 1 mm kynurenic acid had no significant effect on the
kainate or quisqualate responses.

Colchicine-lesioned slices

The sensitivity of a CA3 neurone in a colchicine lesioned hip-
pocampus is illustrated in Figure 7. In this case it is now clear
that even at a concentration of 200 uMm kynurenic acid was
able to reduce sensitivity to kainate as well as NMDA. At
lower concentrations of 150 uM or 100 um the antagonism of
both compounds was usually partial, NMDA responses being
reduced to 47 + 8% (n=6) and 79 + 10% (n = 8), respec-
tively. However, no clear differences of sensitivity between
NMDA and kainate were apparent, since kainate responses
were also now reduced to 39 + 11% (n=6) and 72 + 5%
(n = 8), respectively. Quisqualate responses on the other hand
were reduced by about 25% on 3 of the cells tested at 200 um
kynurenate, but remained unchanged by kynurenate even at
1 mMm on 6 others (overall reduction of 8 + 12%, n = 9).

Discussion

Kainic acid binding sites are widely distributed throughout
the CNS. Their occurrence in organisms as primitive as Hydra
(London et al., 1980) suggests a fundamental role in cellular
function. Of the many studies which have examined kainate
receptor distribution in the mammalian brain, most are
agreed that these sites are localized to synaptic regions (Foster
et al., 1981) and that by far the greatest density of binding is
restricted to the stratum lucidum in the CA3 area of the hip-
pocampus (Foster et al., 1981; Unnerstall & Wamsley, 1983;
Greenamyre et al., 1985; Monaghan et al., 1085).

Kainate sensitivity

This localization may account for the greater sensitivity of
CAZ3 cells to the excitatory and burst inducing effects of super-
fused kainate observed in the present study. However, de
Montigny et al. (1987) have shown previously that, using
microiontophoretic applications, the CA3 neurones were
approximately 80 fold more sensitive to kainate excitation
than cells in the CA1l region, while no differences were noted
in the sensitivity to acetylcholine or glutamate. This was not
the case in the present work, where a difference of sensitivity
of around 5 fold was seen with microiontophoretic applica-
tions of agonists.

The explanation for this difference is not clear, but the
variability of iontophoretic ejection characteristics is no-
torious (Stone, 1985). In addition, the use of a separate record-
ing electrode in the present work, protruding 40-50um
beyond the iontophoretic barrels, may have resulted in a dif-
ferent cellular distribution of the ejected compounds relative
to the recording tip. A comparable difference of sensitivity was
obtained for CA1 and CA3 pyramidal cells when kainate was
applied directly into the superfusing medium at known con-
centrations. The difference in sensitivity with this technique
was between 10 fold at threshold concentrations and 4 fold at
the maximum concentrations tested (Figure 2).

Presynaptic kainate receptors

A great deal of evidence suggests that the excitatory, toxic and
convulsant effects of kainate are mediated at least partly by
actions on presynaptic terminals. Thus colchicine deaf-
ferentation of the CA3 pyrami