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5-HT; receptor agonism may be responsible for the emetic

effects of zacopride in the ferret

1Vicki C. Middlefell & Tracey L. Price

Department of Biomedical Research, Wyeth Research (UK) Ltd, Huntercombe Lane South, Taplow, Maidenhead,

Berkshire, SL6 OPH

The racemic 5-HT; receptor antagonist, zacopride (10-100 ugkg

~1, im.) evoked an emetic response in

ferrets. This property appeared to reside totally in the S-enantiomer which also produced emesis over the
same dose range. This emesis could be prevented by pretreatment with ondansetron (1 mgkg~!, im.) or
by R-zacopride (100 zgkg ™!, i.m.). In urethane-anaesthetized ferrets, S-zacopride (0.3 ugkg™!, i.v.) evoked
a profound Bezold-Jarisch reflex which was blocked by both ondansetron (30 ugkg™!, i.v.) and by R-
zacopride (100 ugkg™!, i.v.). These results suggest that, in the ferret, S-zacopride possesses 5-HT, receptor
agonist properties which may be responsible for the emetic effect. In contrast R-zacopride does not appear
to possess 5-HT , receptor agonist properties in this species.
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Introduction Zacopride (4-amino-N-[1-azabicyclo(2.2.2)oct-
3-y1]-5-chloro-2-methoxybenzamide{E}-2- butenedioate) is a
racemic compound described as a potent and selective 5-HT,
receptor antagonist (Smith et al., 1988a). Racemic zacopride
(hereafter referred to as zacopride) has been shown to be an
effective anti-emetic agent against the emesis induced by cyto-
toxins or radiation in dogs, cats, non-human primates and
ferrets (Costall et al., 1987; Dubois et al., 1988; King et al.,
1988; Smith et al., 1988b; 1989). Recently, zacopride has been
shown to be emetogenic following administration of 0.003-
0.3mgkg™! p.o. or iv. to ferrets (King, 1990). We have com-
pared the 5-HT; receptor antagonist properties of both
stereoisomers of zacopride in ferrets anaesthetized with ure-
thane and have investigated the mechanism of its emetogenic
properties in conscious ferrets.

Methods Zacopride and .its enantiomers in anaesthetized
ferrets Female fitch or albino ferrets (0.8—1.3 kg) were anaes-
thetized with urethane (1.0-1.5gkg™!, i.p.). Both jugular veins
were cannulated for the administration of drugs and blood
pressure was recorded from a carotid artery. Reproducible,
submaximal Bezold-Jarisch (B-J) reflex responses to one dose
of 5-hydroxytryptamine (5-HT) (10 or 30ugkg™!, iv.) were
obtained at 10min intervals and this dose of 5-HT used
throughout the experiment. The B-J reflex was measured as
the instantaneous increase in heart period (HP, i.e. beat to
beat interval averaged over 4 consecutive beats) following the
intravenous bolus administration of S-HT. Control values
were obtained by averaging the HP over 10 consecutive beats.
Increasing doses of zacopride (0.3-100ugkg™?!, i.v.) were
administered and the response to 5-HT retested 10 min after
each dose. The next dose of zacopride was administered
immediately after the transient response to 5-HT. Additional
studies investigated the profile of activity of the stereoisomers
of zacopride (see results section). Statistical analysis was by
2-way analysis of variance.

Emesis studies Adult female albino or fitch ferrets (0.8-1.3kg)
were placed singly in an observation cage 30 min before drug
administration with free access to food and water. Drugs were
dissolved in sterile isotonic saline (standard volume 0.4 ml)
and administered intramuscularly, into the biceps femoris of
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the hind limb. In all experiments in which a premedicant drug
was given, a 15min pretreatment time was allowed and the
two injections were made contralaterally. The animals were
observed for 60min during which time the presence or
absence of retching and/or vomiting was recorded in 5min
time bins, as were any other overt effects. The number of
emetic events (i.e. retches or vomits) was not recorded.

Results The effect of zacopride and its stereoisomers in the
anaesthetised ferret A small change in HP (approx. 15% of
the control HP) generally accompanied the administration of
a bolus of cold saline (0.4 ml i.v.), hence a value of 85% inhibi-
tion of the B-J reflex evoked by 5-HT was considered to be a
complete block of the response.

5-HT (10 ugkg™') evoked a marked B-J reflex in the anaes-
thetized ferret with a mean increase in HP of 703 (s.e. 113 ms,
n=4) which was blocked by zacopride (3ugkg™!, iv,
P <0001, n = 4).

Administration of zacopride (0.1-3.0ugkg™!, iv.) itself
evoked a marked ‘B-J-like’ effect in these experiments, i.e. a
transient but profound bradycardia, hypotension and apnoea,
(data not shown) and this phenomenon was subsequently
investigated using the two stereoisomers of zacopride.

S-zacopride (0.3ugkg™!, iv.) evoked ‘B-J-like’ response
with a mean increase in HP of 7232 (s.e. 3530ms, n =4). A
lower dose of S-zacopride (0.1 ugkg ™!, i.v.) did not consistent-
ly produce a ‘B-J-like’ effect. In these experiments the B-J
reflex to 5-HT (10 ugkg ™!, i.v.) obtained 10 min after adminis-
tration of S-zacopride (0.3 ugkg™!, i.v.) was not statistically
significantly different from the predose response to the same
dose of 5-HT (mean change in HP, predose = 465 (s.e. 30 ms)
and post S-zacopride = 531 (s.e. 51 ms)). Ten minutes after
administration of the selective 5-HT, receptor antagonist,
ondansetron (30 ugkg ™, i.v. n = 4) however, the responses to
both 5-HT and S-zacopride were blocked (i.e. > 85% inhibi-
tion, P <0.001). Administration of R-zacopride (0.1-
1000 ugkg™!, i.v.) did not produce any discernible effects on
HP.

In a separate series of experiments, after obtaining repro-
ducible B-J responses to both 5-HT (10ugkg™!, i.v.) and to
S-zacopride (0.3ugkg™!, iv.), incremental doses of R-
zacopride (1-100 ugkg ™!, i.v.) were administered every 10 min.
The response to 5-HT was tested 5min after each dose of R-
zacopride and the response to S-zacopride tested Smin after
5-HT. R-zacopride produced a dose-dependent attenuation of
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both the 5-HT- and S-zacopride-induced B-J responses, the
highest dose of R-zacopride (100ugkg™!, i.v.) producing a
74% and 98% attenuation respectively (P < 0.05).

Administration of either zacopride or S-
zacopride (1 ugkg™?!, im., n = 2 and n = 4 respectively) pro-
duced no adverse effects. Zacopride (10ugkg™?, im.,, n=7)
was emetogenic in all of the animals studied whereas
100 ugkg ™!, i.m. (n = 3) produced emesis in only one animal.
Similarly, S-zacopride (10 ugkg™!, i.m.) produced emesis in
4/6 animals and in 3/4 animals following 100 ugkg™!, i.m.
Both zacopride and S-zacopride were sedative at 100 ugkg™?,
im. R-zacopride (10 or 100 ugkg™!, im., n = 4) was not eme-
togenic although one ferret vomited following R-zacopride
(1000 ugkg™!,im., n = 4).

Additional experiments examined the effects of pretreatment
with ondansetron (100 or 1000 zgkg™?, i.m., n = 4 per group).
Following ondansetron (100 ugkg™!) no emesis was observed
in response to administration of zacopride (10ugkg™!, i.m.)
and although the mean latency to the first emetic episode fol-
lowing S-zacopride (10ugkg™!, im.) was increased from
10min to 21 min, all the animals retched and/or vomited. No
emesis was observed following S-zacopride (10ugkg™!, i.m.)
in animals pretreated with either ondansetron (1000 ugkg™')
or R-zacopride (100 ugkg ™!, i.m.).

Pretreatment with atropine (100ugkg™', im.) did not
prevent the emesis evoked by either zacopride (10ugkg™?,
im., n = 3) or S-zacopride (10ugkg™!, im., n = 2). A higher
dose of atropine (Imgkg~! i.m., n = 2), despite producing
marked sedation, did not prevent zacopride- (10 ugkg™?, i.m.)
induced emesis.

Emesis studies

Discussion We have previously demonstrated that both
enantiomers of zacopride behave as 5-HT; receptor antago-
nists in the rat (Middlefell et al., 1990). Experiments in anaes-
thetized ferrets demonstrated that intravenous administration
of S-zacopride evoked a marked B-J reflex which could be
blocked by either ondansetron or by R-zacopride. Higher
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The effects of probucol on the progression of atherosclerosis in

mature Watanabe heritable hyperlipidaemic rabbits

! Alan Daugherty, Ben S. Zweifel & *Gustav Schonfeld
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1 Probucol was administered to mature Watanabe heritable hyperlipidaemic (WHHL) rabbits (=9
months old). Groups of WHHL rabbits were randomly selected and treated as follows: Group 1 killed at
9 months (n = 9); Group II placed on sham-treated diet at 9 months and followed for 6 months (n = 8);
Group III placed on probucol at 9 months and followed for 6 months (n = 8). Probucol was administered
by mixing 1% wt/wt drug with standard laboratory diet.

2 Plasma concentrations of probucol increased to 93 + 11 ugml~! in Group III during the initial 2
weeks and increased further to 149 + 24 ugml ™! at the end of the treatment period.

3 Plasma concentrations of total cholesterol, unesterified cholesterol and phospholipids were signifi-
cantly reduced overall by probucol, while triglycerides were not affected.

4 No statistically significant differences were observed in the presence of oxidized products in low
density lipoproteins (LDL) isolated from plasma of controls compared to probucol-treated rabbits.
However, LDL from probucol-treated animals was resistant to oxidation in the presence of Cu?* (3 um).

5 Group I had aortic atherosclerosis covering 70 + 5% of intimal area of thoracic aortae, that increased
to 91 + 3% in Group II. This was associated with cholesterol contents of aortae increasing from
14 + 0.2ugmg™" in Group I to 2.7 + 0.3 ugmg~"! in Group II. Probucol administration did not produce
a statistically significant reduction of atherosclerotic lesion area (78 + 7%). However, probucol treatment
reduced cholesterol content to 1.9 + 0.3 ugmg ™! (P < 0.01). Collagen content of aortae was not affected
by probucol treatment.

6 Thus, while probucol did not promote regression, the drug did retard the continued deposition of

© Macmillan Press Ltd, 1991

cholesterol esters into atherosclerotic lesions of mature WHHL rabbits.
Keywords: Probucol; Watanabe heritable hyperlipidaemic rabbits; oxidation; atherosclerosis; cholesterol

Introduction

Probucol (4,4'-(isopropylidenedithio)bis(2,6-di-t-butylphenol)
is a hypolipidaemic agent that is modestly effective at
reducing plasma concentrations of low density lipoprotein
(LDL)-cholesterol (Buckley et al., 1989). However, this
reduction in LDL-cholesterol concentrations is associated
with a consistent reduction in plasma concentrations of high
density lipoprotein (HDL)-cholesterol. This effect on HDL-
cholesterol has led to speculation that the probucol-induced
alteration in lipoprotein profiles may aggravate the athe-
rogenic process.

In addition to its hypolipidaemic properties, probucol is a
potent scavenger of hydroxyl radicals. In fact the chemical
structure of probucol is related to the commonly used
hydroxyl radical scavenger, butylated hydroxytoluene. A
current concept of atherogenesis is that lipid peroxidation
within vascular tissue contributes to the disease process
(Steinberg et al., 1989). Therefore, it has been proposed that
probucol may possess specific anti-atherosclerotic properties
that are independent of its hypolipidaemic effects (Steinberg,
1986). In support of this hypothesis, Kita et al. (1987) and
Carew et al. (1987) have demonstrated that the oral adminis-
tration of probucol to Watanabe heritable hyperlidaemic
(WHHL) rabbits within the first 2 months of birth has
resulted in marked reductions in the extent of aortic athero-
sclerosis after approximately 7 months of the regimen. The
study of Carew et al. (1987) discerned that the modest hypo-
lipidaemic effect of probucol was not responsible for the pro-
tective action by comparing the probucol-treated animals to a
group administered lovastatin. In contrast to probucol, lovas-

! Author for correspondence at: Cardiovascular Division, Box 8086,
Washington University School of Medicine, St. Louis, MO 63110,
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tatin afforded no protection against the development of aortic
atherosclerosis despite an equivalent hypolipidaemic response.

While there is good evidence that probucol can prevent the
initiation of atherosclerosis in WHHL rabbits, the effects of
the drug on established disease have not been demonstrated.
It has been speculated that probucol may promote regression
of atherosclerosis, based on the observations of reductions in
xanthoma during treatment of familial hypercholesterolaemic
subjects (Yamamoto et al., 1983). Indeed, a preliminary report
has provided some evidence of probucol-induced regression of
atherosclerotic lesions in rhesus monkeys fed a high-fat, high-
cholesterol diet (Wissler & Vesselinovitch, 1983). The purpose
of the present study was to determine whether probucol
exerted any effects on established atherosclerosis lesions in
WHHL rabbits (Havel et al., 1982; Buja et al., 1983).

Methods

Animals

A colony of WHHL rabbits at Washington University School
of Medicine was initiated from animals kindly provided by Dr
Joseph L. Goldstein (University of Texas). Animals were
maintained in isolation from other colonies under aseptic con-
ditions, and given water and a standard laboratory rabbit diet
ad libitum. A total of 25 rabbits was used. All procedures per-
formed on the animals were approved by the Washington
University Animal Studies Committee.

Probucol (a gift from Merrell Dow Research Institute, Cin-
cinnati, OH, U.S.A.) was dissolved in chloroform and sprayed
evenly over the diet in the proportion of 1% wt/wt. Diet for
the control group was sprayed with chloroform alone. Treated
diets were kept under a fume hood until the odour of the
solvent had dissipated. Food intake was monitored daily for
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both control and drug-treated groups. Body weights were
determined weekly.

Characterization of plasma lipids

Concentrations of triglycerides, cholesterol esters, unesterified
cholesterol and phospholipids in plasma and in isolated lipo-
protein fractions were determined with commercially available
enzyme kits (Wako Chemical Company, Dallas, TX, U.S.A.)
Concentrations of phospholipids and triglycerides were calcu-
lated based on mean molecular weights of 722 and 866 respec-
tively.

Probucol determinations in plasma

Plasma concentrations of probucol were determined by
reverse phase high performance liquid chromatography
(h.p.l.c.) using the method of Satonin & Coutant (1986). Con-
centrations of probucol in plasma were determined relative to
an internal standard supplied by the Merrell Dow Research
Institute (MDL 27,272).

Oxidation of isolated low density lipoproteins

LDL was isolated by sequential ultracentrifugation in a
Beckman L8-55 instrument equipped with a 50.3Ti rotor
between densities of 1.019 to 1.063gml~! using sodium
bromide (Havel et al., 1955). Isolated lipoprotein fractions
were dialyzed against 100 volumes of EDTA (1 mm)/sodium
chloride (0.15 M), with three changes of dialysis fluid over 24 h.
Volumes of fractions were reduced by placing LDL in dialysis
bags that were coated with Aquacide (Calbiochem, La Jolla,
CA, US.A). Mass of protein in lipoprotein fractions was
determined by the method of Lowry et al. (1951) with bovine
serum albumin (Pierce Chemical Company, Rockford, IL,
U.S.A)) as standard.

Lipid peroxidation was initiated by incubation of LDL frac-
tions with copper sulphate, 3 uM (McLean & Hagaman, 1989).
The extent of lipid peroxidation was quantified as thiobarbitu-
ric acid-reacting substances (TBARS) as described by Satoh
(1978). Standards were prepared by dissolution of
malondialydehyde-bis-dimethyl-acetal ~ (Aldrich  Chemical
Company, Milwaukee, WI, U.S.A)) in distilled water imme-
diately before the start of the assay. Samples (100 ug protein in
0.5ml EDTA/saline) were incubated with sulphuric acid
(0.05M) and thiobarbituric acid (0.2% wt/vol, dissolved in
sodium sulphate, 2M) for 30min at 100°C. After cooling,
n-butyl alcohol (4 ml) was added and mixtures vortexed vigor-
ously. The two phases were separated by centrifugation at
500¢g for 5min. The absorbance of the chromogen was deter-
mined at 530nm with a Beckman DU-30 spectrophotometer.
Results are expressed as nmol equivalents of malondialdehyde
and the assay was linear between 0.5 to 20 nmol.

Characterization of atherosclerosis

Animals were killed by overdosing with pentobarbitone
(120mgkg~!, administered intravenously). Aortae were
rapidly dissected free from the ascending arch to the ileal
bifurcation. Extraneous tissue was removed and full length
incisions exposed intimal areas. Intimal areas were photo-
graphed with a Polaroid camera. The areas of grossly discern-
ible normal and atherosclerotic intima were digitized from
these photographs by use of a Numonics model 2210 tablet
(Numonics Corporation, Lansdale, PA, U.S.A)) and Sigma-
Scan (Jandel Scientific, Corte Madera, CA, U.S.A.) run on a
DOS-based computer.

Total cholesterol content of vascular tissue was determined
by gas liquid chromatography (g.l.c.) as described by Ishikawa
et al. (1974) with 5-a-cholestane as a standard. For the deter-
mination of collagen, weighted segments of tissue were hydro-
lyzed by incubation in the presence of concentrated
hydrochloric acid incubated overnight at 80°C. Hydroxy-

proline content of the tissue was determined with Erlich’s sol-
ution as described by Prockop & Undenfreind (1960).

Immediately following the dissection of aortic tissue from
the body, segments of tissue were cut in a region that included
a branch of an intercostal artery, since this region is a site of
predilection for the development of atherosclerosis. Tissue was
immersion fixed in formaldehyde (2% wt/vol) dissolved in
phosphate-buffered saline at room temperature for 4h.
Further fixation was achieved by overnight incubation in this
solution at 4°C. Sections of tissue (5um thick) were cut,
mounted and stained with haematoxylin and eosin.

Experimental protocol

Twenty five rabbits were randomized into 3 groups when
animals were approximately 9 months of age. Group I was
killed at this interval and served as the control group for
determining the extent of atherosclerosis at the initiation of
drug administration. Group II was given a diet that had been
soaked in chloroform in a manner identical to that used to
coat probucol on the diet, and was followed for 6 months.
Group III was fed a diet for 6 months that was coated with
probucol.

Statistical analyses

Statistical comparisons between groups were made with
Student’s ¢ test (two-tailed) performed with Stats-+ (Statsoft,
Tulsa, OK, U.S.A)). A repeated-measures analysis of variance
(ANOVA) was used to assess the statistical significance of
overall plasma lipid concentrations between Groups II and
III. Duncan’s multiple-range test was used to assess the sta-
tistical significance between each interval that plasma lipid
concentrations were determined for Groups II and III. A
probability value of less than 5% was considered statistically
significant. Values are presented as means with s.e.means.

Results

General characteristics

The WHHL rabbits used in the present study weighed
approximately 3.75kg at the initiation of the study i.e., when
the rabbits were ~ 9 months of age. During the 6 months of
observation, Groups II and IIl did not increase in body
weight, and no significant differences in body weight were
apparent between them (Figure 1). In accord with this finding,
the food consumption was both constant and comparable
between the groups. All animals maintained good health
during the entire course of this study and all rabbits that
entered the study survived to completion of the protocol.

Body weight (kg)
H

0 4 8 12 16 20 24
Time (weeks)
Figure 1 Body weights of control rabbits (Group II, @) and

probucol-treated (Group I1I), WHHL rabbit (@). Points represent the
means of 8 observations and bars the s.e.mean.
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Figure 2 Plasma concentrations of probucol. Plasma concentrations
of probucol were determined at selected intervals by h.p.l.c. in control
(Group 11, @) and probucol-treated (Group III), WHHL rabbit (@).
Points represent the means of 8 determinations and bars represent the
s.e.mean.

Plasma concentrations of probucol were monitored at
selected intervals after the initiating treatment as indicated in
Figure 2. The mean plasma concentration in the drug treated
group was 93 + 11 ugml~! after 2 weeks and this concentra-
tion was maintained to 8 weeks. Thereafter there was a trend
toward increasing concentrations, reaching 149 + 24 uygml~!
at the end of the study. As expected, probucol was never
detected in the plasma of the control group (Figure 2). A green
colouration was present in the plasma of probucol-treated
animals that was attributed to the accumulation of oxidized
probucol (Barnhart et al., 1990).

Probucol on plasma concentrations of lipoproteins

Plasma concentrations of total cholesterol at the initiation of
the study were 674 + 80mgdl™' in Group II and
683 + 123mgdl~! in Group III (NS). In Group II, plasma
concentrations of cholesterol were maintained until the
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animals were approximately one year old, after which there
was a gradual increase. Probucol treatment produced an
overall significant decrease in plasma concentrations of total
cholesterol (P < 0.001) as analyzed by ANOVA. Despite the
significance of the overall effect, comparison of each interval
by Duncan’s multiple-range test showed that only the 8 and
12 week intervals were significantly different between the
groups (P < 0.0375 and P < 0.003, respectively; Figure 3a).
Probucol treatment also produced overall reductions in unes-
terified cholesterol and phospholipids that were significantly
different when analyzed by ANOVA (P <0.0001 and
P < 0.0008, respectively; Figures 3b and 3c). Plasma concen-
trations of triglycerides were not significantly affected by pro-
bucol administration (Figure 3d).

Oxidation of lipoproteins in vitro

LDL was isolated from the plasma of Groups II and III, and
the extent of lipid peroxidation was determined by the extent
of TBARS present. The concentrations of TBARS in native
plasma-derived LDL were low and were not significantly
changed compared to LDL isolated from probucol-treated
rabbits (Figure 4). LDL from Groups II and III was incubated
with copper (3 uM) to simulate a microenvironment in which
LDL may be subjected to increased oxidative stress. Under
these conditions, there was a 110% increase (P < 0.001) in the
concentrations of TBARS in LDL from untreated animals. In
contrast, there was only a modest increase in the concentra-
tion of TBARS in LDL derived from probucol-treated
animals which was not significantly higher than that in native
LDL. Consequently, TBARS were present in significantly
(P < 0.004) increased concentrations in copper-treated native
LDL compared to that isolated from probucol-treated
animals.

Extent of atherosclerosis
The extent and nature of atherosclerosis was assessed in all 3
groups of animals. At &~ 9 months of age (Group I), WHHL

rabbits had extensive involvement of the aorta of grossly dis-
cernible atherosclerotic lesions of the aorta with 71 + 5% and

b
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Figure 3 Plasma concentrations (mgdl~") of total cholesterol (a), unesterified cholesterol (b), phospholipids (c), and triglycerides (d)
of control rabbits (Group II, @) and probucol-treated (Group I1I), WHHL rabbit (®). Points represent the means of 8 determi-

nations and bars represent the s.e.mean.
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Figure 4 Presence of thiobarbituric acid-reacting substances
(TBARS) in low density lipoproteins (LDL) from control (Group II,
solid columns) and probucol-treated WHHL rabbits (Group III, open
columns). TBARs were determined in the native material and follow-
ing a 3h incubation with Cu?* for 18 h. Columns are the means of 4
determinations and bars are s.e.mean.

55 + 7% of the intimal surface of the thoracic and abdominal
segments, respectively, being covered (Figure 5a). The distribu-
tions of these atherosclerotic lesions were predominately at
the arch and at arterial branch points. After a further 6
months, coverage in Group II had increased to 91 + 3% and
71 + 8% for the thoracic and abdominal segments, respec-
tively. The extent of aortic atherosclerosis in Group III was
77 + 7% and 59 + 7% for abdominal and thoracic segments
respectively. These reductions did not attain statistical signifi-
cance.

As may be expected, there was a high content of cholesterol
in the aortae from WHHL rabbits in Group I (1.4 + 0.2ug
cholesterol mg ™! wet wt; Figure 5b). Both abdominal and tho-
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Figure 5 Characterization of aortic atherosclerosis in WHHL
rabbits. Parameters determined were the percentage of intimal area
that was covered by grossly discernible atherosclerotic lesions (a),
total cholesterol content (b), and collagen content (c). Data are rep-
resented for Group I (open columns, n = 9), Group II (cross-hatched
columns, n = 8), and Group III (solid columns, n = 8). Columns are
the means of a minimum of 4 determinations and bars are s.e.mean.

racic segments in Group II had marked increases in choles-
terol content. However, this increased cholesterol content was
attenuated in both segments from the probucol-treated Group
III (P < 0.01).

Although there was a decrease in the cholesterol content of
the aorta from the probucol-treated animals compared to age-
matched controls, no changes in collagen content were detect-
able as judged by the concentration of hydroxyproline (Figure
5¢).

In agreement with these quantitative data, histological sec-
tions of aorta demonstrated that there was an increase in the
lipid deposition in the core region of lesions comparing
Groups I to II. Generally, there was decreased lipid deposition
in the core region of Group III. However, there were no major
differences in the morphology of the atherosclerotic lesions
between the groups studied. Thus, the atherosclerotic lesions
differed in extent of lipid deposition rather than in the cellular
composition.

Discussion

Probucol has been found to attenuate the initiation and devel-
opment of atherosclerosis in cholesterol-fed rabbits
(Kritchevsky et al., 1971; Tawara et al., 1986; Daugherty et
al., 1989) and WHHL rabbits (Kita et al., 1987; Carew et al.,
1987). Although several reports have demonstrated anti-
atherosclerotic properties of probucol in experimental studies,
a negative study has also been published (Stein et al., 1989).
Those reports that have described an anti-atherosclerotic
effect have generally not ascribed this protection to an alter-
ation in lipid metabolism, but rather to the hydroxyl radical
scavenging properties of the drug (Steinberg, 1986). Indeed
there is increasing evidence that the changes in metabolic
properties that have been described for oxidized LDL in vitro
(Fogelman et al., 1980; Henriksen et al., 1981; Steinbrecher et
al., 1984; Parthasarathy et al., 1986a) may be relevant to the
lipoprotein metabolism in vivo (Daugherty et al., 1988; Haber-
land et al., 1988; Boyd et al., 1989; Palinski et al., 1989).

The temporal cellular events that are involved in the pro-
gression of atherosclerosis in WHHL rabbits have been
described in detail by Rosenfeld et al. (1987a,b). Macrophages
are deposited in the subintimal space of aortic tissue of
WHHL rabbits within the first month following parturition.
These initial lesions develop into fatty streaks by the contin-
ued deposition of macrophages that are transformed to foam
cells, and the persistent deposition of extracellular matrix.
Thus, the atherosclerotic lesions investigated in the present
study were mature fatty streaks predominantly containing
macrophages and numerous smooth muscle cells.

While the determination of a drug to inhibit the initiation
of atherosclerosis may have important implications for the
prevention of the disease, the ability of a drug to induce
regression could have profound implications for therapy of
established disease. It has been hypothesized that probucol
may induce regression of atherosclerotic lesions since the drug
reduces the extent of xanthomas in familial hyper-
cholesterolaemic patients (Yamamoto et al., 1988). Since
xanthomas consist of lipid-laden foam cells analogous to
atherosclerotic lesions (Fowler et al., 1979; Schaffner et al.,
1980), it is thought that these may represent a model of
atherosclerotic lesions. The preliminary report of Wissler &
Vesselinovitch (1983) demonstrated that there was a modest
regression on aortic atherosclerosis as judged by the percent-
age of intimal area that was covered by grossly discernible
lesions. The present study was designed to provide quantitat-
ive data to demonstrate whether probucol (A) promoted
regression, (B) attenuated the progression, or (C) did not influ-
ence the atherogenic process of established atherosclerotic
lesions.

Previous reports that have described the temporal choles-
terol concentrations in plasma of WHHL rabbits have gener-
ally described a gradual reduction with age (Rosenfeld et al.,
1987a). In contrast, the present study has described a gradual



increase in plasma concentrations. However, as distinct from
other work, the present study was initiated with mature
WHHL rabbits that were ~9 months of age. Furthermore,
plasma cholesterol concentrations began to increase only after
the rabbits were a year of age. A systematic error in the mea-
surement of plasma cholesterol concentrations is considered
unlikely since rabbits were initiated into the study over a 8
month time span. Thus, there was considerable randomization
of the plasma cholesterol determinations, which would have
negated the effects of a drift in the assay calibration. The
mechanism of this increase in plasma cholesterol concentra-
tions in rabbit over one year of age is unknown.

Administration of probucol to WHHL rabbits produced
high plasma concentrations of the drug but relatively modest
reductions in concentrations of cholesterol for the initial 3
months; although the difference between the groups increased
after 1 year of age. Variable responses have been demon-
strated for probucol on plasma cholesterol concentrations in
WHHL rabbits. Naruszewicz et al. (1984) observed a 36%
decrease in plasma concentrations of LDL-cholesterol and
attributed this reduction to a change in the inherent property
of the LDL. However, a later study by the same group failed
to demonstrate a hypolipidaemic effect despite comparable
plasma concentrations of probucol (Carew et al., 1987).

The moderate reduction in plasma concentrations of choles-
terol observed in the present study may have contributed to
the observed reduction in cholesterol in the aortae of
probucol-treated rabbits. In addition to the hypolipidaemic
effect contributing to the anti-atherosclerotic effects, the
ability of probucol to scavenge hydroxyl radicals may also
have contributed to the reduced cholesterol deposition. Oxi-
dation of LDL in the plasma is likely to be limited because of
the combination of the relatively low concentrations of
oxidant and the extensive antioxidant defence mechanisms.
Despite these considerations, modified LDL has been detected
in the plasma of human subjects (Avogaro et al, 1988).
However, it is more likely that oxidative modifications of
LDL occur in non-intravascular compartments such as the
subendothelial space. To simulate this environment of
increased oxidative stress, LDL was incubated with low con-
centrations of copper. Since probucol is highly lipophilic, it is
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Effects of ATP-sensitive K * channel blockers on the action

potential shortening in hypoxic and ischaemic myocardium

'Haruaki Nakaya, Youji Takeda, Noritsugu Tohse & Morio Kanno

Department of Pharmacology, Hokkaido University School of Medicine, Sapporo 060, Japan

1 In order to determine whether activation of adenosine triphosphate (ATP)-sensitive K* channels
exclusively explains the hypoxia- and ischaemia-induced action potential shortening, effects of tolbuta-
mide and glibenclamide on changes in action potential duration (APD) during hypoxia, metabolic block-
ade or experimental ischaemia were examined in guinea-pig and canine isolated myocardium by standard
microelectrode techniques.

2 With use of patch clamp techniques, activity of ATP-sensitive K* channels was recorded from open
cell-attached patches of guinea-pig isolated ventricular myocytes. The probability of opening of the K*
channels was decreased by 2 mm tolbutamide and 20 uM glibenclamide to almost the same extent, whereas
it was increased by 100 uM pinacidil.

3 In guinea-pig papillary muscles a marked shortening of the action potential produced by 100 uM pin-
acidil was completely antagonized by 2 mm tolbutamide or 20 um glibenclamide.

4 In guinea-pig papillary muscles exposed to hypoxic, glucose-free solution or dinitrophenol (10 um)-
containing, glucose-free solution, APD declined gradually and twitch tension decreased. Pretreatment
with glibenclamide partially but significantly inhibited the action potential shortening, whereas tolbuta-
mide failed to improve it during hypoxia or metabolic blockade.

5 When in canine isolated myocardium, experimental ischaemia was produced by the cessation of coro-
nary perfusion, APD was gradually shortened. The action potential shortening was partially but not
completely inhibited by pretreatment with 20 um glibenclamide.

6 These results suggest that changes in membrane current(s) other than the outward current through
ATP-sensitive K* channels also contribute to the action potential shortening in hypoxic or ischaemic

myocardium.

Keywords: ATP-sensitive K* channel; glibenclamide; tolbutamide; action potential shortening; hypoxia; ischaemia; cardiac

muscle

Introduction

It has long been known that hypoxia and metabolic blockade
produce a marked shortening of cardiac action potentials
(Carmeliet, 1978). Two hypotheses have been proposed to
explain the action potential shortening; a decrease in a slow
inward current (McDonald & MacLeod, 1973; Schneider &
Sperelakis, 1974; Payet et al., 1978) and an increase in a pot-
assium outward current (Trautwein, 1954; MacLeod &
Daniel, 1965; Vleugels et al., 1980; Isenberg et al., 1983). Since
the discovery of adenosine triphosphate (ATP)-sensitive K*
channels in heart cells by Noma (1983), it has been assumed
that activation of ATP-sensitive K* channels plays a major
role in the action potential shortening during hypoxia or
metabolic inhibition (Trube & Heschler, 1984; Noma & Shi-
basaki, 1985; Fosset et al., 1988; Sanguinetti et al., 1988;
Friedrich et al., 1990) and potentially during myocardial isch-
aemia. However, any direct evidence showing that ATP-
sensitive K™* channels are activated during myocardial
ischaemia or hypoxia has not been provided, probably due to
methodological difficulties. Recently it has been shown that
sulphonylurea antidiabetic agents can inhibit ATP-sensitive
K* channels not only in pancreatic f-cells (Sturgess et al.,
1985; Trube et al., 1986; Ziinkler et al., 1988) but also in
cardiac cells (Belles et al., 1987; Fosset et al., 1988). Therefore,
in the present study we examined effects of sulphonylureas on
the action potential shortening during hypoxia or metabolic
blockade in guinea-pig isolated papillary muscles and during
experimental myocardial ischaemia in canine coronary-
perfused isolated myocardium. By doing so, we expected to
assess to what extent the activation of ATP-sensitive K*
channels contributes to the action potential shortening during

! Author for correspondence.

myocardial ischaemia or hypoxia. Preliminary accounts of
this work have appeared in abstract form (Nakaya et al.,
1989; Kanno & Nakaya, 1990).

Methods

Single channel recordings in guinea-pig isolated

" ventricular myocytes

Single myocytes were isolated from guinea-pigs by enzymatic
dissociation, as described previously (Tohse et al., 1990).
Briefly, the heart was removed from the open chest guinea-pig
anaesthetized with pentobarbitone sodium. By use of a
Langendorff apparatus, the excised heart was perfused with
0.008% collagenase (Yakult, Tokyo, Japan) dissolved in a
nominally Ca?*-free Tyrode solution, and then with 0.01%
protease (Sigma type XIV, Sigma Chemical Co. Ltd., St.
Louis, US.A.) in a kraftbriihe (KB) solution (Isenberg &
Klockner, 1982). After digestion, the heart was rinsed with the
KB solution and cut into small pieces. The cell suspension in
the KB solution was stored in a refrigerator for later use.

The composition of Tyrode solution was (in mm): NaCl 143,
KCl 5.4, CaCl, 1.8, MgCl, 0.5, NaH,PO, 0.33, glucose 5.5
and HEPES-NaOH buffer (pH 7.4) 5.0. The nominally Ca?*-
free Tyrode solution was prepared by omitting CaCl, from
the normal Tyrode solution. The composition of the KB solu-
tion was (in mM): KOH 70, 1-glutamic acid 50, KCl 40,
taurine 20, KH,PO, 20, MgCl, 3, glucose 10, EGTA 1.0 and
HEPES-KOH buffer (pH 7.4) 10.

Unitary current recordings were performed in the open cell-
attached configuration of the patch clamp technique (Hamill
et al., 1981; Kakei et al., 1985). Patch pipettes were Si-coated,
heat-polished and filled with a solution containing 150 mm
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KCl, 2mm CaCl, and Smm HEPES-KOH (pH 7.4). After the
gigaohm seal between the patch electrode and the cell mem-
brane was formed in Tyrode solution, the bath solution was
changed to an internal solution containing 150mMm KCI,
0.33mM NaH,PO,, 1mM EGTA and 5mm HEPES-KOH
buffer (pH 7.4). Then, part of the surface membrane on one
end of the rod cell was disrupted by penetrating the mem-
brane with a glass pipette (1-2 um tip diameter) containing the
internal solution. After the disruption of the cell membrane,
the activity of the ATP-sensitive K* channel appeared within
a few minutes when the internal solution contained no ATP.
Both the membrane potential and current were recorded with
a patch clamp amplifier (EPC-7, List, F.R.G.). These signals
were stored on video tape through a pulse code modulator
(SONY PCM-501ES, Japan) and analysed later with a per-
sonal computer (NEC PC-98XA, Japan) equipped with a
20 MByte hard disc and an AD converter (Canoopus Elec-
tronics ADX-98, Japan). All these experiments were performed
at room temperature (20-25°C).

Action potential and tension recordings from guinea-pig
papillary muscles

Guinea-pigs were stunned with a blow on the head and the
hearts were quickly removed. Papillary muscles having a dia-
meter less than 1 mm were dissected from the right ventricle.
The preparations were transferred to a tissue bath of 5ml
volume and superfused at a rate of 10mlmin~! with a modi-
fied Tyrode solution of the following composition (in mMm):
NaCl 125, KCl 4, NaHCO, 25, NaH,PO, 1.8, MgCl, 0.5,
CaCl, 2.7 and glucose 5.5. The solution was gassed with 95%
O, plus 5% CO, and the bath temperature was kept constant
at 36.0 + 1.0°C.

Action potentials and contractions were recorded, as pre-
viously described (Nakaya et al., 1987). In brief, one end of the
preparation was hooked to an extension of the lever arm of a
force transducer (Nihon Kohden TB651T, Tokyo, Japan) and
the other end was pinned to the bottom of the tissue bath. The
length of the muscle was adjusted until resting tension was
200mg. Stimulating pulses (1 Hz, 1ms duration, 2 times
threshold intensity) were applied to the preparation through
platinum field electrodes. Transmembrane potentials were
recorded with 3M KCl-filled microelectrodes (10-30 MQ)
which were connected to a high impedance capacitance neu-
tralizing amplifier (Nihon Kohden, MEZ 8201). The action
potentials and tension were displayed on an oscilloscope
(Nihon Kohden VC 10), photographed on 35mm film and
recorded on a chart recorder (Watanabe Sokki WR 3101,
Tokyo, Japan).

The following action potential variables were analysed by
magnification from photographs: resting membrane potential
(RMP), action potential amplitude (APA), the maximum ups-
troke velocity of action potential (V,,,), action potential dura-

tion at OmV (APD,) and —60mV level (APD_g4,). APDs -

were measured at these fixed potentials, because these APDs
would reflect the magnitude of steady-state outward current at
respective membrane potentials, regardless of changes in
RMP and APA.

After an equilibration period of 2h, the preparations were
superfused with a hypoxic, glucose-free solution for 60 min or
glucose-free solution containing 10uM 2,4-dinitrophenol
(DNP) for 45min. To obtain the hypoxic, glucose-free solu-
tion, glucose was omitted from the modified Tyrode solution
and the solution in a reservoir was gassed with 95% N, plus
5% CO,, which resulted in Po, values of 27.1 + 24mmHg.
In order to examine the influence of sulphonylureas on action
potential changes produced by these solutions, some of the
preparations were pretreated with 20um glibenclamide or
2mMm tolbutamide for 60min. Action potential and twitch
tension were recorded during hypoxia or metabolic blockade
after an interval of Smin. It was difficult to maintain a single
impalement in half of the experiments during the interventions
because of the increased resting tension. When impalements

were not maintained, new stable impalements were secured in
the neighbourhood of the former site.

Action potential recordings from canine
coronary-perfused isolated myocardium

Mongrel dogs of either sex, weighing 5-12kg, were anaes-
thetized with sodium pentobarbitone (30mgkg™!, i.v.). The
heart was rapidly removed and immersed in an oxygenated
Tyrode solution having the same composition as the solution
used in the guinea-pig papillary muscle study. A branch of the
right coronary artery in the right ventricular free wall was
cannulated with a small polyethylene tube. The cannula was
secured in place with silk sutures and then perfused with the
modified Tyrode solution equilibrated with 95% O, and 5%
CO,. The perfused area was distinctly delineated by its pale
appearance after injection of the modified Tyrode solution.
The tissue beyond the perfused area was excised, and the
major branches of arteries transected by the dissection were
ligated with silk sutures. The cannulated preparation was
placed with epicardial surface uppermost in a superfusion
chamber and then was superfused with the oxygenated Tyrode
solution. The preparation was simultaneously perfused
through the coronary cannula with the modified Tyrode solu-
tion gassed with 95% O, plus 5% CO, at a perfusion rate of
approximately 1.0mlg=! wet weight min~! by means of a
peristaltic pump (EYELA MP-3, Tokyo, Japan). The tem-
perature of the perfusate and superfusate both were main-
tained at 36.0 + 1.0°C.

The preparation was stimulated at a rate of 1.0 Hz through
platinum field electrodes. Stumuli were rectangular pulses of
1ms duration at twice the diastolic threshold. Trans-
membrane action potentials were recorded with 3M KCl-filled
microelectrodes from the subepicardial muscle cells.

Experimental myocardial ischaemia of 30 min was produced
by discontinuing coronary perfusion and starting superfusion
with the hypoxic, glucose-containing Tyrode solution gassed
with 95% N, plus 5% CO,. It was confirmed that the trans-
membrane action potentials were not appreciably altered by
superfusion with the hypoxic solution when the preparation
was continuously coronary-perfused with the oxygenated
Tyrode solution.

After an equilibration period of 1-2 h, control action poten-
tials were recorded and experimental ischaemia was produced.
Action potentials were recorded at intervals of Smin during
myocardial ischaemia. Multiple impalements were required to
provide continuous electrophysiological data. Some prep-
arations were perfused and superfused with the normoxic sol-
ution containing 20 uM glibenclamide for 60 min before the
cessation of coronary perfusion. These preparations were
superfused with the hypoxic Tyrode solution containing the
same concentration of the drug during experimental myo-
cardial ischaemia.

Drugs and chemicals

The following drugs were used: tolbutamide (Wako, Osaka,
Japan), glibenclamide (Sigma Chemical, St. Louis, U.S.A.), 2,4-
dinitrophenol (Wako), pinacidil (Shionogi, Tokyo, Japan).
Tolbutamide was dissolved in 1 N NaOH at a concentration of
0.5 M. Glibenclamide was dissolved in 0.05N NaOH at a con-
centration of 2mwm. Pinacidil was dissolved in 0.1N HCI at a
concentration of 0.1 M. Dinitrophenol was dissolved in dis-
tilled water. Changes in pH of the aerated Tyrode solution,
observed after the application of these drugs in concentrations
used in the present study, were less than 0.02.

Statistics

All values are presented in terms of mean + s.e. Statistical
analyses were performed by Student’s ¢ test for paired and
unpaired observations. P values less than 0.05 were accepted
as indicating a significant difference.
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Results

Effects of tolbutamide and glibenclamide on
AT P-sensitive K * -channels

After the formation of giga ohm sealing, a part of the mem-
brane of guinea-pig ventricular myocytes was disrupted by the
other electrode in the high K* internal solution without ATP.
Within a few minutes, channel activity appeared in the open
cell-attached patch, as shown in Figure 1. In this experiment
the linear slope conductance obtained from the current-
voltage relationship was 80.3pS and the channel openings
were inhibited by the application of 2mm ATP to the internal
surface of the membrane. These findings led us to conclude
that the unitary current flowed through ATP-sensitive K*
channels.

Effects of sulphonylureas and pinacidil on the activity of
ATP-sensitive K* channels were examined in open-cell
attached patches. As shown in Figure 2a and 2b, tolbutamide
(2mM) and glibenclamide (20uM) inhibited the channel
openings in the absence of ATP. In the open cell-attached
patches held at —60mV, tolbutamide and glibenclamide
decreased the probability of opening from 0.734 + 0.060 to
0.136 + 0.065 (n =5, P <0.01) and from 0.716 + 0.104 to
0.124 + 0.072 (n = 5, P < 0.01), respectively, without affecting
unit amplitude. In contrast, pinacidil at a concentration of
100 um increased the channel openings in the presence of
0.3mm ATP (Figure 2c). Addition of 0.3 mm ATP to the inter-
nal solution decreased the opening probability of ATP-
sensitive K* channels to 0.148 + 0.079. It was significantly
increased to 0.647 + 0.100 by 100um pinacidil (n = 6). Thus,
in open cell-attached patches, 2mm tolbutamide and 20um
glibenclamide inhibited the opening of ATP-sensitive K*

—l2pA
20 ms
_e(pA)
)
r3
-80 -40 0 40 80 (mV)
[ ]

-3

80.3pS l-¢

Figure 1 Single channel current recordings in the open cell-attached
mode from a guinea-pig ventricular cell. Unitary K* currents record-
ed in a membrane patch held at various voltage levels are shown in
the upper panel. The internal solution contained no ATP. Downward
deflections are inward directed single channel currents. Current-
voltage relationship for the single channel current is shown in the
lower panel. Linear slope conductance was 80.3 pS.

? [ Tolbutamide 2mm__]
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Figure 2 Effects of tolbutamide (2mm, a), glibenclamide (20 um, b)
and pinacidil (100 uM, c) on ATP-sensitive K* channel in an open
cell-attached patch held at —60mV. In each panel expanded records
are shown below. Downward deflections are inward single channel
currents. C and O indicate the closed and open state of the channels,
respectively.

channels to the same extent in the absence of ATP, whereas
pinacidil activated the channels in the presence of 0.3 mm
ATP.

Effects of tolbutamide and glibenclamide on the
pinacidil-induced action potential shortening

In the guinea-pig papillary muscles stimulated at 1.0 Hz, pina-
cidil markedly shortened the action potential and decreased
twitch tension (Figure 3). After 30min exposure to 100uM
pinacidil, action potential duration at the —60mV level
(APD_,,) and twitch tension of 6 preparations were signifi-
cantly decreased by 83.5 + 1.1% and 944 + 0.9% from the
control values of 200.0 + 6.7ms and 38.5 + 19.5mg, respec-
tively. Addition of 2mm tolbutamide or 20 uM glibenclamide
produced almost complete recovery of APD and less complete
recovery of twitch tension, as shown in Figure 3. The antago-
nistic effect of tolbutamide appeared more rapidly than that of
glibenclamide. APD_, at 10 min after 2mm tolbutamide and
30min after 20 uM glibenclamide were 100.9 + 0.9% (n = 3)
and 96.8 + 0.9% (n = 3) of control, respectively. Thus, these
concentrations of tolbutamide and glibenclamide completely
antagonized the action potential shortening produced by the
ATP-sensitive K* channel-opener, pinacidil.

Effects of tolbutamide and glibenclamide on the action
potential shortening produced by hypoxia or metabolic
blockade

The baseline values of action potential parameters and twitch
tension of papillary muscles stimulated at 1.0Hz are sum-
marized in Table 1. There were no significant differences in
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a Control Pinacidil 100 um + Tolbutamide 2 mm
0 min 10 min
0
mV |:
-80
BRI . ‘ ome
[SUUEEUY. o, VSN
b Control Pinacidil 100 pm + Glibenclamide 20 um
30 min 30 min
0 \
mV |:
-80
— - - —
__/\_ — |20 mg

100 ms

Figure 3 Effects of tolbutamide (2mMm, a) and glibenclamide (20 uM,
b) on the pinacidil-induced action potential changes in guinea-pig
papillary muscles stimulated at 1.0Hz. In each pannel upper and
lower tracings indicate action potential and twitch wave form, respec-
tively. Note that the action potential shortening and the decrease in
twitch tension produced by pinacidil were effectively reversed by tol-
butamide and glibenclamide.

any of these parameters between subgroups. Pretreatment
with 2mM tolbutamide or 20 uM glibenclamide for 60 min did
not significantly affect action potential configuration and
twitch tension.

Superfusion of hypoxic, glucose-free solution produced
marked changes in action potential configuration and twitch
tension, as shown in Figure 4a. Gradual decreases in APD,
resting membrane potential (RMP) and action potential
amplitude (APA) were observed (Table 2, Figure 5a). An
increase in resting tension and a marked decrease in twitch
tension also appeared. Twitch tension was significantly
decreased to 27.6 + 13.0% of the control after 60 min hypoxia
(Table 2). In the presence of 2mM tolbutamide, the hypoxia-
induced APD shortening was potentiated rather than
improved (Figures 4b and 5a). In preparations treated with
tolbutamide the hypoxia-induced decrease in twitch tension
was more marked than that in control preparations although
the difference was not statistically significant (Table 2). In con-
trast with tolbutamide, glibenclamide retarded the action
potential shortening during hypoxia (Figure 4c and 5a).
Although the decreases in RMP and APA in glibenclamide-
treated preparations were similar to those in untreated prep-
arations, the decrease in twitch tension was not significantly
decreased (Table 2). Thus, two sulphonylureas exerted differ-
ential influences on the hypoxia-induced APD shortening and
contractile failure. Glibenclamide could lessen but not com-
pletely prevent the action potential shortening in hypoxic,
substrate-free conditions.

Superfusion with a glucose-free solution containing 10 uM
dinitrophenol (DNP) produced similar changes in action
potential configuration and twitch tension (Table 3). Tolbuta-
mide at a concentration of 2mM hardly affected the time
course of the changes in APD and twitch tension (Table 3 and
Figure 5b). Glibenclamide (20uM) markedly retarded the
action potential shortening for up to 20 min. Thereafter, the

[ Hypoxia, no glucose ]

Control 30 min 60 min
0
mV [
-80 | | ]
— —— ——
_/\. — N 20 mg
b
L Tolbutamide 2 mm ]
Hypoxia, no glucose
Control 30 min 60 min
0 [}
mV [
-80
-.-_.J—"\—_ | 50 mg
c
[ Glibenclamide 20 pm ]
Hypoxia, no glucose
Control 30 min 60 min

~I 0 L ﬁ

Figure 4 Changes in action potential configuration and twitch wave
form of guinea-pig papillary muscles in the absence (a) and presence
of 2mM tolbutamide (b) or 20 um glibenclamide (c) after exposure to
hypoxic, glucose-free solution. Action potential and twitch wave form
are depicted in each record except for the record taken after 60 min of
hypoxic, substrate-free condition, in which an increase in resting
tension was so marked that twitch wave form could not be recorded.
Note that glibenclamide, but not tolbutamide, lessened the action
potential shortening under the condition.

|40mg

APD shortening became close to that of the control group,
and then it was gradually reversed (Figure 5b). Glibenclamide
significantly lessened the decrease in twitch tension at 20 and
45min (Table 3). Thus, tolbutamide again failed to improve
the action potential shortening in glucose-free, DNP-
containing solution. Glibenclamide significantly reduced but
did not completely prevent the action potential shortening
during metabolic blockade.

Effect of glibenclamide on the action potential shortening
during experimental ischaemia in isolated canine
ventricular myocardium

Since glibenclamide but not tolbutamide improved the action
potential shortening during hypoxia or metabolic blockade in
guinea-pig isolated papillary muscles, the effect of glibencla-
mide on the ischaemia-induced APD changes was examined
in the canine, coronary-perfused isolated ventricular myocard-
ium. When coronary perfusion was stopped, a progressive
decrease in RMP, APA and APD was produced (Figure 6a).
In control preparations, RMP was significantly decreased
from —83.6+1.6mV to —704 + 2.6mV, and APD at the

Table 1 Baseline values of action potential parameters and twitch tension in the absence and presence of tolbutamide or glibenclamide

RMP (mV) APA (mV)

Untreated —938 + 0.5 130.6 + 0.7
(n=14)

Tolbutamide pre —943 + 0.5 1308 + 1.1

2mMm, n = 12) post —940+ 04 130.7 + 1.2

Glibenclamide pre —-92.0 4+ 0.6 1286 + 1.5

(20 um, n = 10) post —925+06 1285+ 1.6

APD,(ms)  APD_go(ms) Vo, (Vs™)  TT (mg)
1289 + 6.7 182.6 + 8.2 204.5 + 11.2 43.1 +13.2
1302+ 7.8 1845+ 78 2272 + 16.1 428 + 176
1256 + 6.4 178.8 + 6.6 2213+ 174 39.7 + 84
144.5 + 6.5 200.8 + 79 2099 + 18.5 471+179
1457 + 6.9 204.6 + 8.0 197.3 + 219 450 + 84

Values are mean + s.e. RMP: resting membrane potential; APA: action potential amplitude; APD,: action potential duration at 0omV

—60mV level; V.,

s "max*

level; APD _¢,: action potential duration at

: the maximum upstroke velocity of action potential; TT: twitch tension.
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Figure 5 Time courses of changes in action potential duration at
—60mV level (APD_,,) during hypoxia (a) and metabolic blockade
(b). Closed circles, open squares and open triangles indicate normal-
ized durations of untreated preparations (n =7 for both groups),
those treated with 2mM tolbutamide (n = 6 for both groups) and
those treated with 20um glibenclamide (n =5 for both groups),
respectively. The time after the exposure to hypoxic, glucose-free solu-
tion (a) or glucose-free, dinitrophenol (10 #M)-containing solution (b) is
on the abscissa scale. Values are expressed as mean with s.e. shown by
vertical lines. * P < 0.05 from the baseline value by paired Student’s ¢
test. + P < 0.05 from the control group by unpaired Student’s ¢ test for
the normalized data.

—50mV level (APD_5,) was shortened by 39+ 3%
(P < 0.001) from its control value (164 + 5 ms) after 30 min of
myocardial ischaemia (Figure 6c). As shown in Figure 6b, the
APD shortening was less in glibenclamide-treated prep-
arations than in control preparations although RMP was
decreased to almost the same extent. In the presence of 20 um
glibenclamide, the APD_;, shortening at 30min ischaemia
was 23 + 4% (n = 5), which was significantly smaller than
that observed in control preparations. Thus, glibenclamide
could also lessen the action potential shortening during
experimental ischaemia in canine, coronary-perfused isolated
myocardium although the drug could not completely abolish
1t.

Discussion

In cardiac cells it was revealed that metabolic blockade with
dinitrophenol (DNP) or cyanide induced time-independent
macroscopic outward K* current (Noma & Shibasaki, 1985;
Escande, 1989) and opened ATP-sensitive K* channels (Trube
& Hescheler, 1984). From these findings it has been postulated
that activation of the K* channels is responsible for the short-
ening of the action potential in hypoxic and ischaemic myo-

Control Ischaemia 30 min

Control
(glibenclamide 20 pm)

100
3
€
8
« 80
o]
R
o
9
£ 60
<
L L 1 L i 1 1 i
0 10 20 30

Time (min)

Figure 6 Action potential changes during experimental ischaemia in
isolated right ventricular free wall preparations of the dog heart. (a)
Ischaemia-induced action potential change in a control preparation.
(b) Ischaemia-induced action potential change in a preparation
treated with 20 uM glibenclamide. (c) Time courses of changes in APD
at —50mV level (APD_,,) during experimental ischaemia in control
(@) and glibenclamide-treated preparations (O). Normalized APD _,
values are on the ordinate scale. Values are expressed as mean with
s.e. shown by vertical lines. * P < 0.05 from each control value by
paired Student’s t test. + P < 0.05 from the control group by unpaired
Student’s ¢ test for the normalized data.

cardium. However, confirmation of this hypothesis has been
hampered by lack of a suitable experimental method to record
the activities of ATP-sensitive K* channels from hypoxic or
ischaemic cells. In the present study, we used three models to
produce the action potential shortening and examined effects
of ATP-sensitive K* channel blockers on the shortening in
attempting to evaluate indirectly an involvement of the K*
channels. In addition to hypoxic and ischaemic models, we
used a DNP, no glucose model since it has been directly
proved that this condition activates ATP-sensitive K* chan-
nels in guinea-pig isolated ventricular cells (Trube & Heschel-
er, 1984).

Belles et al. (1987) reported that tolbutamide at a concentra-
tion of 2mM inhibited the opening of ATP-sensitive K* chan-
nels in excised patches of guinea-pig ventricular cells in an
ATP-free solution. They also showed that this concentration
of tolbutamide maximally inhibited the outward current acti-
vated by the washout of intracellular ATP in guinea-pig iso-
lated ventricular cells. Accordingly, we chose the
concentration of 2mMm tolbutamide in this study because we
could not increase its concentration due to its limited solu-
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bility. Glibenclamide is a more potent sulphonylurea which is
reported to produce the maximal inhibition of the ATP-
sensitive K* current in pancreatic S-cells in a concentration of
0.03 um (Ziinkler et al., 1988). It has also been reported that
glibenclamide in concentrations less than 0.1 uMm completely
inhibited the opening of ATP-sensitive K* channels in excised
patches of cardiac myocytes in a solution containing 1uM
ATP (Fosset et al., 1988) and the pinacidil-induced outward
current (Arena & Kass, 1989). In the present study we used
20um  glibenclamide, because preliminary experiments
revealed that the inhibitory effect on the action potential
shortening during hypoxia or metabolic blockade was saturat-
ed at concentrations of 5-10 um. Consistent with the studies of
Belles et al. (1987) and Fosset et al. (1988), tolbutamide and
glibenclamide decreased the opening probability of ATP-
sensitive K* channels without affecting single channel con-
ductance. We observed that glibenclamide and tolbutamide at
these concentrations exerted an inhibitory action of almost
the same potency on K* channels in the open cell-attached
patches exposed to an ATP-free solution. On the other hand,
100 uM pinacidil significantly increased the opening probabil-
ity in the presence of 0.3mm ATP, which is consistent with
recent whole cell clamp studies (Arena & Kass, 1989a; Martin
& Chinn, 1990) and single channel recording studies (Arena &
Kass, 1989b; Fan et al., 1990). In this study 100 uM pinacidil
produced an action potential shortening and a negative ino-
tropic response in guinea-pig papillary muscles, probably
resulting from activation of ATP-sensitive K* channels. The
action potential shortening produced by pinacidil was com-
pletely antagonized by 2mM tolbutamide or 20 uM glibencla-
mide, suggesting that the ATP-sensitive K* channel blockers
can penetrate the cell membrane and inhibit opening of the
K* channels in intact papillary muscles.

In' the present study, oxidative phosphorylation was inhib-
ited in guinea-pig papillary muscles by superfusion with
hypoxic solution or DNP-containing solution, concomitantly
with glycolytic inhibition by substrate withdrawal. Consistent
with a previous report (Hayashi et al, 1987), these insults
resulted in a marked shortening of the action potential, a
decrease in twitch tension and muscle contracture. When
guinea-pig isolated hearts were perfused with hypoxic,
glucose-free solution for 60min and glucose-free, DNP
(10 um)-containing solution for 45min, myocardial ATP
content decreased from 30+02 to 05+02 and
1.1 + 0.2mmolkg~! wet weight, respectively (Nakaya et al.,
unpublished observations). The estimated myoplasmic ATP
levels would be higher than the apparent K, (0.5-0.05 mwm) for
channel inactivation by ATP (Kakei et al., 1985; Thuringer &
Escande, 1989; Nichols & Lederer, 1990). Unless the sensi-
tivity of ATP-sensitive K* channels to ATP concentration is
markedly reduced by some other alterations of the internal
environment, it seems unlikely that a decrease in bulk ATP
exclusively can explain the action potential shortening during
metabolic blockade or hypoxia. Support for this concept
derives from a recent study showing that in ferret isolated
hearts the shortening of monophasic action potential during
metabolic blockade occurred without any large change in
myocardial ATP measured by nuclear magnetic resonance
(Elliot et al., 1989). However, it may be argued that ATP gen-
erated locally at the sarcolemma by membrane-bound glyco-
lytic enzymes may be a determinant factor for the regulation
of ATP-sensitive K* channels (Weiss & Lamp, 1987; 1989).
Therefore, it would be impossible to exclude the possible
involvement of ATP-sensitive K* channels in the action
potential shortening from the biochemical data of myocardial
ATP content.

In the present study, tolbutamide and glibenclamide differ-
ently influenced the shortening of the action potential induced

by hypoxia and metabolic blockade. It is far from clear why
tolbutamide aggravated the action potential shortening during
hypoxia but hardly affected it during metabolic blockade. It
was reported that tolbutamide stimulates glucose utilization
and glycolytic flux in the myocardium (Kramer et al., 1983;
Tan et al., 1984) and inhibits oxidative phosphorylation in
heart mitochondria (Katsumata & Hagiwara, 1973). There-
fore, some modifications by tolbutamide of intracellular
metabolism might exert different influences on the hypoxia-
and DNP-induced APD-shortening, in addition to its inhibi-
tory action on the ATP-sensitive K* channels.

Pretreatment with glibenclamide reduced significantly and
to the same extent the shortening of the action potential
during hypoxia, metabolic blockade and experimental isch-
aemia. These findings may imply that openings of ATP-
sensitive K* channels might occur from the early phase of
myocardial hypoxia or ischaemia. A similar conclusion was
drawn by Sanguinetti et al. (1988) who showed that glibencla-
mide in concentrations of 0.2-10 um prevented the shortening
of the effective refractory period and action potential duration
induced by 15min hypoxia in ferret papillary muscles.
However, the sulphonylurea failed to abolish completely the
action potential shortening induced by these interventions of
longer duration, although the drug at the same concentration-
effectively antagonized the pinacidil-induced shortening of the
action potential. A preliminary report (Rials et al., 1990) has
also demonstrated that glibenclamide failed to prevent the
shortening of the action potential during myocardial isch-
aemia in vivo. Therefore, changes in membrane current(s)
other than the outward current through the ATP-sensitive K*
channels might also contribute to the action potential short-
ening during myocardial hypoxia or ischaemia. One possi-
bility may be a decrease in the calcium current, which is also
sensitive to intracellular ATP concentration (Irisawa &
Kokubun, 1983). Enhancement of the delayed rectifier K*
current resulting from increased intracellular Ca?* concentra-
tion (Tohse, 1990) and activation of the K* current induced
by an increase in intracellular Na* concentration (Kameyama
et al., 1984) may also be candidates responsible for the short-
ening of the action potential in the hypoxic or ischaemic myo-
cardium.

Treatment with glibenclamide, but not tolbutamide, less-
ened the decrease in twitch tension during hypoxia or meta-
bolic blockade. The protective effect of glibenclamide against
the contractile failure was in parallel with the inhibitory effect
on the action potential shortening, suggesting that the inflow
of the calcium current during the maintained plateau phase is
responsible for the effect. Therefore, it is possible that gliben-
clamide may partially attenuate the contractile failure in isch-
aemic myocardium. However, it may not be beneficial for the
ultimate injury of ischaemic myocardium because the main-
tained contraction may lead to an increase in energy con-
sumption and calcium overload of ischaemic myocytes. These
considerations are only speculative and further studies focused
on this point are needed.

In conclusion, the action potential shortening produced by
hypoxia, metabolic blockade or experimental ischaemia was
lessened, but not completely abolished by the ATP-sensitive
K* channel blocker, glibenclamide. The underlying mecha-
nisms of the action potential shortening are undoubtedly
complex, and changes in membrane currents other than the
outward current through the ATP-sensitive K* channels may
also contribute to the action potential shortening.
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Involvement of capsaicin-sensitive nerves in the bronchomotor
effects of arachidonic acid and melittin: a possible role for

lipoxin A,

IStefano Manzini & Stefania Meini

Istituto Farmacobiologico Malesci, Research Laboratories, via Porpora 22, 50144 Firenze, Italy

1 Functional studies have been performed to evaluate the potential involvement of capsaicin-sensitive
nerves in the bronchomotor responses evoked by lipid mediators produced from the metabolic break-
down of arachidonic acid (AA) in the guinea-pig bronchus.

2 In the presence of indomethacin, the exogenous administration of AA (0.01-1mMm) produced a
concentration-dependent contractile response in guinea-pig isolated bronchial rings. AA-induced contrac-
tions were augmented by epithelium-removal and by thiorphan (10 um), an inhibitor of tachykinin break-
down. A sustained downward and rightward displacement of the complete concentration-response curve
to AA was observed after in vitro capsaicin desensitization.

3 BWAAJC (1 um), a selective inhibitor of 5-lipoxygenase, shifted the AA concentration-response curve to
the right. In the presence of this inhibitor, capsaicin desensitization did not have any further inhibitory
action.

4 A potent, concentration-dependent and capsaicin-sensitive bronchoconstrictor effect was also observed
with the polypeptide, melittin (10nmM-1 uM), an activator of phospholipase A,, which therefore should
generate endogenous AA.

5 In vitro capsaicin-desensitization produced a significant reduction of the bronchomotor responses
evoked by lipoxin A, (1-6 uM), but not of those elicited by other lipoxygenases products such as leuko-
triene D, (1-100 nM) or by 15-hydroxyeicosatetraenoic acid (15-HETE, 1-6 um).

6 These findings indicate that lipoxin A, but not leukotriene D, or 15-HETE, might be one of the

lipoxygenase mediators of excitatory effects of AA on capsaicin-sensitive sensory nerves.
Keywords: Sensory nerves; capsaicin; lipid mediators; sensory neuropeptides; asthma

Introduction

A number of mediators have been implicated in asthma path-
ophysiology and among them a prominent role has been sug-
gested for lipid mediators, such as platelet-activating factor
(PAF) and leukotrienes, and for neuropeptides, such as tachy-
kinins, calcitonin gene-related peptide (CGRP) or vasoactive
intestinal peptide (VIP) (Barnes, 1987; 1989a,b). Recently
some evidence has been presented which suggests a possible
interaction between these two classes of biological mediators.
PAF has been shown to release VIP and substance P from
guinea-pig isolated lung strip (Rodrigue et al., 1987). In addi-
tion, some of the motor effects of leukotriene D, may involve
the release of sensory neurotransmitters (Stewart et al., 1984,
Bloomquist & Kream, 1987). In contrast, CGRP and VIP
inhibit the release and/or biosynthesis of peptidoleukotrienes
in lung preparations (Di Marzo et al., 1987; 1988). Manzini et
al. (1989) obtained functional and neurochemical evidence
that suggested in guinea-pig, the exogenous administration of
arachidonic acid (AA) might produce bronchomotor effects
partially through the release of sensory neuropeptides. Oxida-
tion of arachidonic acid leads to the formation of a plethora
of eicosanoids, including the cyclo-oxygenase and lipoxyge-
nase products, that have been shown to cause broncho-
constriction, vasoconstriction and increased vascular
permeability (Barnes, 1989b). Since some of our previous
experiments were performed in the presence of indomethacin,
we proposed the hypothesis that products of AA metabolic
breakdown via the lipoxygenase pathways might activate the
local efferent function of capsaicin-sensitive nerves in guinea-
pig airways (Manzini et al., 1989, Manzini & Meini, 1990). In
this study we have investigated further the effect of capsaicin-
desensitization on the motor response to AA in the presence
of inhibitors of cyclo-oxygenase and/or lipoxygenases. Fur-

! Author for correspondence at present address: Menarini Ricerche
Sud, P.O. Box 15302, 00143 Roma-Eur, Italy.

thermore, we have assessed whether or not the motor effects
of AA are affected by epithelium removal or by inhibition of
neutral endopeptidases, which increase responses to tachy-
kinins (Maggi et al., 1990). Finally, we have studied the effect
of capsaicin desensitization on the bronchomotor actions pro-
duced by the polypeptide melittin, a selective activator of
phospholipase A, (Mollay et al., 1976; Shier, 1979), or by 5
and/or 15-lipoxygenases metabolites, such as leukotriene D,
15-hydroxyeicosatetraenoic acid (15-HETE) or lipoxin A,
(Serhan et al., 1984; Samuelsson et al., 1987; Sigal & Nadel,
1988).

Part of these data have been presented in a preliminary
report (Manzini et al., 1989) and communicated at the XIth
International Congress of Pharmacology (Manzini & Meini,
1990).

Methods

Male albino guinea-pigs (Rodentia, Torre Pallavicina,
Bergamo, Italy) weighing 300-350 g were used throughout the
study. Animals were stunned, exsanguinated and the lungs
with attached bronchi and trachea were removed quickly.
Main bronchi were dissected from the surrounding par-
enchyma and two (2mm long) epithelium-free rings were pre-
pared by gently rubbing the luminal surface with a moistened
pipe cleaner. In some preparations removal of epithelium was
confirmed histologically. Bronchial rings were mounted on
two ‘L’-shaped stainless steel holders and placed in Sml organ
baths containing physiological salt solution, (at 37°C and oxy-
genated with 95% O, and 5% CO,), of the following com-
position (mm): NaCl 118, KCl 4.7, CaCl,2H,0 '2.5,
MgCl,6H,0 0.5, NaH,PO,H,0 1.0, NaHCO,; 25 and
glucose 10. Contractile responses were recorded with an iso-
metric force transducer and displayed on a Basile Unirecord
7050 polygraph. An optimal resting tension of 750 mg was
applied to the preparations. Each preparation was allowed to
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equilibrate for at least 45min before the start of the experi-
ments. Inhibitors of cyclo-oxygenase and/or lipoxygenase
were added to the organ bath at least 45 min before challenge
with AA.

In some experiments concentration-response curves (CRC)
to AA, melittin and lipoxygenase products were obtained in a
cumulative manner, the next concentration being added when
the response to the previous one had reached a steady state.
Two main bronchi obtained from the same animal were set up
in parallel. One was used for the control CRC, the other for
CRC after capsaicin-desensitization. Capsaicin-desensitization
was performed by incubating the bronchial rings with capsa-
icin (10 um) for 15 min followed by several washes before con-
structing the CRC to the bronchoconstrictor agent.

Analysis and statistical evaluation of results

All data in the text are mean + standard error of the mean
(s.e.mean). Motor effects were measured either as mg of con-
traction or normalized to the maximal motor response
induced, in the same preparation, by KCI (60 mm).

Statistical analyses were performed by Student’s ¢ test for
paired or unpaired data, when appropriate, with a chosen
probability value of 0.05 for significance.

Drugs

Drugs used were the following: arachidonic acid (Sigma), cap-
saicin, indomethacin and leukotriene D, (Serva), carbachol
(Merck), lipoxin A, and 15(RS)-hydroxyeicosatetraenoic acid
(15(RS)-HETE) (Cascade Biochem), thiorphan (Peninsula),
melittin (Bachem) and BW A4C (Wellcome, U.K.).

Solutions of peptides and eicosanoids were made daily in
distilled water from stock solutions (kept frozen) and kept on
ice during the experiment. Capsaicin (10 mM) and indometha-
cin (2 mMm) were dissolved in absolute ethanol; sodium arachi-
donate (10mm) was dissolved as a 10mM stock solution in
water and stored under N, at —20°C. Further drug dilutions
were made in distilled water. Ethanol did not affect tissue
responses at the concentrations used.

Results

Effect of capsaicin desensitization on arachidonic
acid-induced bronchomotor response in the presence of
indomethacin or BW A4C

In isolated bronchial rings (with epithelium) the adminis-
tration of exogenous AA (1 mM) produced weak and erratic
contractions (n = 8). On the other hand, in the presence of the
cyclo-oxygenase inhibitor indomethacin (5um), AA (1 mm)
consistently elicited a sustained contraction with an ampli-
tude, at steady state, of 323 + 17mg (n = 33) (Figure 1). In the
same preparation, such responses were reproducible at 90 min
intervals (n = 6). Exposure of bronchial rings to capsaicin
(10 uM) elicited a substantial contraction (536 + 46 mg) which
could be evoked only once in each preparation, indicating
desensitization (n = 6). Following capsaicin challenge the
response to AA was significantly reduced to 108 + 34mg
(n = 6; P <0.05; Figure 1) (see also Manzini et al., 1989). A
similar reduction was not observed when bronchial rings were
previously challenged with a KCl concentration (60 mm) equi-
effective to capsaicin (n = 3; data not shown). Furthermore,
capsaicin desensitization had no effect on the motor response
to carbachol (0.3 uM) (n = 3, Figure 1).

In the presence of indomethacin, it is also possible to obtain
a cumulative CRC to AA (0.01-1mm). Previous capsaicin
challenge produced a rightward and downward shift of the
CRC to AA (Figure 2). The EC,, for AA increased from
196 um (172-229) to 508 um (435-610) (n = 6).

In a further set of experiments we have assessed the effect of
capsaicin desensitization on the CRC to AA obtained in the

I —————
A A A
AA 1 mm Vehicle AA 1 mm
A A A
AA 1Tmm Caps 10 pm AA 1 mm
o
€
o
o
(32]
A A A
CCh 0.3 um Caps 10 pm CCh 0.3 um
|
10 min

Figure 1 Typical tracings showing the motor response (mg) elicited
by arachidonic acid (AA) or carbachol (CCh) in guinea-pig isolated
bronchus before or after capsaicin (Caps) challenge. In the same prep-
arations a second application of capsaicin did not exert any contrac-
tile effect. Experiments were performed in the presence of
indomethacin (5 um).

presence of indomethacin and BW A4C, a selective inhibitor
of S-lipoxygenase (Tateson et al., 1988). In the presence of BW
A4C (1um, incubated 45min before and during AA
administration) the CRC to AA was shifted to the right

75+

501

Contraction
(% of max KCI response)

25+

0 T T T
0.01 0.1 1
AA concentration (mwm)

Figure 2 Concentration-response curves to arachidonic acid (AA,
0.01-1mM) in guinea-pig epithelium-denuded bronchial rings in
control conditions (O) and in preparations previously challenged with
a desensitizing concentration (10 uM incubated for 15 min) of capsaicin
(). Experiments were performed in the presence of indomethacin
(5 um). Statistical evaluation was performed with Student’s ¢ test for
unpaired data (*P < 0.05; **P <0.01). Vertical axis: contractile
effect expressed as % of maximum contraction produced by KCI
(60 mm). Horizontal axis: arachidonic acid concentration.
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Figure 3 Concentration-response curves to arachidonic acid (AA) in
guinea-pig epithelium-denuded bronchial rings in control conditions
(circles) and in preparations previously challenged with a desensitizing
concentration of capsaicin (10uM incubated for 15min) (squares).
Experiments were performed in presence of only indomethacin (5 um)
(open symbols) and either indomethacin and BW A4C (1 uM) (solid
symbols). Statistical evaluation was performed with Student’s ¢ test for
unpaired data (* P < 0.05; ** P < 0.01 versus BW A4C). Vertical axis:
contractile effect expressed as % of maximum contraction produced
by KCl (60 mm). Horizontal axis: arachidonic acid concentration.

(Figure 3). The EC,, increased from 196 um (172-229) to
389 uM (361-422) (n = 6). Interestingly, when' S-lipoxygenase
was inhibited, capsaicin-desensitization no longer affected the
motor response to exogenous AA [EC,,: 389 um (344-447)]
(Figure 3). BW A4C (1 um) itself had no effect on baseline tone
(n=12).

Effect of epithelium removal and inhibition of neutral
endopeptidases on arachidonic acid-induced
bronchomotor responses

AA (1 mm)-induced motor responses were different in control
and in epithelium-denuded preparations (always in the pre-
sence of indomethacin). Epithelium removal significantly
increased the amplitude of AA-induced bronchomotor
responses from 255 + 27 mg to 368 + 40mg (n = 6; P < 0.05).
In a further set of experiments we have investigated the effect
of the neutral endopeptidase inhibitor, thiorphan (10 uM) on
the motor response elicited by AA (1 mM, in the presence of
indomethacin). Thiorphan was used at a concentration pre-
viously demonstrated to enhance markedly the motor
response to capsaicin and tachykinins (Maggi et al., 1990).
Figure 4 shows typical tracings where in the presence of
thiorphan, AA-induced contractions were more rapid in onset,
similar in amplitude (258 + 29 mg and 399 + 94 mg in absence
or in presence of thiorphan respectively, n = 4, not significant)
and were significantly sustained for longer periods. In control
preparations the motor responses to AA declined by 44 + 5%
after 80min, whereas, in presence of thiorphan, responses
declined by only 23 + 5% after 80min (n=4, P < 0.05,
Figure 4).

Effect of capsaicin desensitization on bronchomotor
responses elicited by melittin

In the presence of indomethacin (5 um), thiorphan (10 uM) and
in the absence of epithelium, melittin (10 nM—1uM) was an
extremely potent and effective bronchoconstrictor agent
(Figure 5). It induced contractions starting at a concentration
as low as 10nM and, at the maximal concentration tested
(1 um), it produced a contraction of 688 + 123mg (n = 6).
After capsaicin pretreatment a marked rightward and down-
ward displacement of the CRC to melittin was observed

a
50
<
c
g 26
©
X
©
)
o
0= 1 T ]
0 10 20 30 40 60 80
Time from AA administration (min)
b
+ Thiorphan
Control
100 mg]
I 1
* 10 min
Arachidonic
acid 1 mm

Figure 4 Effect of thiorphan (10 uM) on arachidonic acid (AA, 1 mm)-
induced contraction in guinea-pig bronchial rings. Time decay of
tonic contraction in control conditions (O) and in presence of thiorp-
han (@) is shown in (a). Vertical axis: contractile effect expressed as %
of relaxation of obtained tone. Horizontal axis: time (min). In (b) the
tracings represent two typical motor responses (mg) obtained in two
bronchi excised from the same animal. All experiments were carried
out in presence of indomethacin (5 uM). Statistical evaluation was per-
formed with Student’s ¢ test for unpaired data (*P < 0.05;
** P < 0.01).

100+

50

Contraction
(% of max KCI response)

0 . - T 1

0.01 0.1 1
Melittin concentration (um)

Figure § Cumulative concentration-response curves of the broncho-
motor responses elicited on guinea-pig bronchial rings by melittin
(0.01-1 uM) in control conditions ([J) and in preparations pretreated
with a desensitizing concentration of capsaicin (10 uM incubated for
15min) (). All experiments were performed in epithelium-denuded
preparations and in the presence of indomethacin (5 M) and thiorp-
han (10 uMm). Statistical evaluation was performed with Student’s ¢ test
for unpaired data (* P <0.05). Vertical axis: contractile effect
expressed as % of maximum contraction produced by KCl (60 mm).
Horizontal axis: melittin concentration.
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(Figure 5). After capsaicin challenge a concentration of melit-
tin as high as 1uM was required to produce an appreciable
contraction (Figure 5).

Effect of capsaicin desensitization on bronchomotor
responses elicited by leukotriene D, , 15-HETE or
lipoxin A,

In this set of experiments we studied the effect of capsaicin
desensitization on the motor response produced by three eico-
sanoids previously found to exert bronchomotor responses in
guinea-pigs, i.e. leukotriene D, (LTD,) (Dahlen et al., 1980),
15-HETE (Copas et al., 1982) and lipoxin A, (Serhan et al,
1986; Jacques et al., 1988).

LTD, (1-100 nM) was a potent and effective bronchospastic
agent (n = 4; Figure 6). Its EC,, was similar in control and in
capsaicin-pretreated bronchial preparations being 24nMm
(20-29) and 15 nM (12-20), respectively (n = 4; Figure 6).

15-HETE was (at least up to the maximum concentration
tested) a rather weak contractile agent. At the maximum con-
centration tested (6um) it produced a contraction with an
amplitude of 293 + 103mg in control and 220 + 46 mg in
capsaicin-pretreated preparations (Figure 7a; n=4; not
significant).

Lipoxin A, produced a fairly rapid and sustained contrac-
tion (Figure 8). Albeit less potent than LTD, this lipid pro-
duced, at the maximum concentration tested (6uMm), a
contraction with an amplitude of 512 + 33 mg (n = 4), similar
to that produced by LTD, (100nM) or by KCI (60 mwm).
Lipoxin A,-induced contractions were significantly (Figure 7b)
reduced in capsaicin-pretreated bronchial rings (Figures 7 and
8). After capsaicin desensitization lipoxin A, produced a small
response (172 + 40mg, n = 4) only at the maximum concen-
tration tested (6 uM).

Discussion

Local release of sensory neuropeptides from capsaicin-
sensitive sensory nerve endings can promote plasma protein
extravasation, mucus secretion and bronchoconstriction. Such

a neurogenic mechanism may play a relevant role in asthma
pathophysiology (Barnes, 1986). A number of endogenous

1001

50

25+

Contraction (% of max KC!I response)

1 10 100
LTD, concentration (nm)

Figure 6 Cumulative concentration-response curves of the broncho-
motor responses elicited on guinea-pig bronchial rings by leukotriene
D, (LTD,, 1-100nM) in control conditions ((J) and in preparations
pretreated with a desensitizing concentration of capsaicin (10 uM incu-
bated for 15min) (l). All experiments were performed in epithelium-
denuded preparations and in the presence of indomethacin (5 M) and
thiorphan (10 uM). No significant statistical difference was observed.
Vertical axis: contractile effect expressed as % of maximum contrac-
tion produced by KCl (60 mM). Horizontal axis: LTD, concentration.
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Figure 7 Cumulative concentration-response curves of the broncho-
motor responses elicited on guinea-pig bronchial rings by 15-
eicosatetraenoic acid (15-HETE, 1, 3 and 6 uM) (a) or lipoxin A, (1, 3,
6 uM) (b) in control conditions ([J) and in preparations pretreated with
a desensitizing concentration of capsaicin (10 #M incubated for 15 min)
(W). All experiments were performed in epithelium-denuded prep-
arations and in the presence of indomethacin (5um) and thiorphan
(10 uM). Statistical evaluation was performed with Student’s ¢ test for
unpaired data (*P < 0.05; **P < 0.01). Vertical axis: contractile
effect expressed as % of maximum contraction produced by KCl
(60 mM). Horizontal axis: 15-HETE or lipoxin A, concentration.
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Figure 8 Typical tracings of the motor responses (mg) elicited on
guinea-pig bronchial ring by lipoxin A, (1, 3 and 6 uM) in control (a)
and in a preparation previously desensitized with capsaicin (Caps
10 uM incubated for 15min) (b). The two bronchial preparations were
taken from the same animal. Veh = vehicle.

substances (bradykinin, histamine, nicotinic agonists) induce
at least part of their pulmonary effects through activation of
the local efferent function of capsaicin-sensitive nerves (Saria
et al., 1988; Ichinose et al., 1990). We have presented evidence
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that some lipid mediators generated by the oxidation (via the
lipoxygenase pathways) of arachidonic acid might also act
through such a mechanism (Manzini et al., 1989, Manzini &
Meini, 1990; this study). This is supported by the following
evidence: (a) AA-induced bronchomotor responses are
reduced both in vitro and in vivo by previous capsaicin desen-
sitization; (b) AA induces a capsaicin-sensitive release of
sensory neuropeptides from isolated rubbed bronchial rings;
(c) AA-induced motor responses are enhanced by interven-
tions, such as epithelium removal or neutral endopeptidase
inhibition, which amplify biological responses elicited by local
release of sensory neuropeptides (Maggi et al., 1990). It is
interesting to note that capsaicin desensitization markedly
reduced not only the motor responses produced by exoge-
nously added AA, but also those evoked by melittin, a pro-
posed selective activator of phospholipase A, and/or releaser
of endogenase AA (Mollay et al., 1976; Shier, 1979). Melittin is
a polypeptide extracted from bee venom (Habermann, 1972)
which produces endothelium-dependent vasorelaxation
(Rapoport et al., 1989), an effect that is prevented by inhibi-
tion of phospholipase A, and by lipoxygenase, but not by
cyclo-oxygenase, inhibitors (Forstermann & Neufang, 1985). It
is clear that melittin-induced bronchoconstriction might be
attributed not only to AA-derived eicosanoids but also to
other lipids the synthesis of which might follow after activa-
tion of phospholipase A,. In this regard it is interesting to
note that it has recently been shown that PAF-induced airway
hyperresponsiveness in rabbits is abolished by previous in vivo
treatment with capsaicin (Coyle et al., 1990).

In this paper we have utilized the in vitro technique of cap-
saicin desensitization (Bartho et al., 1987; Maggi et al., 1987)
to investigate the capsaicin-sensitive component of AA-
induced bronchomotor responses. In vitro exposure to high
concentrations of capsaicin desensitized a particular subset of
primary afferents rendering them resistant to subsequent chal-
lenge with capsaisin itself or other stimuli (Maggi & Meli,
1988). Therefore, this procedure permits the identification of
agents with actions which might rely upon activation of the
efferent function of these nerves. The involvement of
capsaicin-sensitive nerves in the response to eicosanoids
appears to be rather specific, in fact capsaicin desensitization
is effective in the presence of indomethacin but not when the
lipoxygenase pathways or even only the 5-lipoxygenase
pathway are pharmacologically blocked with BW755C
(Manzini & Meini, 1990) or BW A4C (this study). Further-
more, among various eicosanoids, the synthesis of which
involves the 5-lipoxygenase pathway, and which have been
shown to exert bronchomotor effects, only the motor response
to lipoxin A,, and not those exerted by LTD, or 15-HETE, is
reduced by previous capsaicin challenge.

References

BARNES, P.J. (1986). Asthma as an axon reflex. Lancet, i, 242-244.

BARNES, P.J. (1987). Airway neuropeptides and asthma. Trends Phar-
macol. Sci., 8, 24-27.

BARNES, P.J. (1989a). New concepts in the pathogenesis of bronchial
hyperresponsiveness and asthma. J. Allergy Clin. Immunol., 83,
1013-1026.

BARNES, P.J. (1989b). A new approach to the treatment of asthma.
New Engl. J. Med., 321, 1517-15217.

BARTHO, L., PETHO, G., ANTAL, A, HOLZER, P. & SZOLCSANYI, J.
(1987). Two types of relaxation due to capsaicin in the guinea-pig
isolated ileum. Neurosci. Lett., 81, 146—150.

BLOOMQUIST, EI. & KREAM, R.M. (1987). Leukotriene D, acts in
part to contract guinea pig ileum smooth muscle by releasing sub-
stance P. J. Pharmacol. Exp. Ther., 240, 523-528.

COPAS, J.L., BORGEAT, P. & GARDINER, P.J. (1982). The actions of 5-,
12-, and 15-HETE on tracheobronchial smooth muscle. Prosta-
glandins Leukotrienes Med., 8, 105-114.

COYLE, A.J., SPINA, D., MCKENNIFF, M.G., MANZINI, S. & PAGE, C.P.
(1990). Role of capsaicin-sensitive nerves in airways hyper-

responsiveness induced by platelet activating factor in the rabbit. -

Eur. J. Pharmacol., 183, 1695.

These data suggest that lipoxin A, might be relevant in lung
pathophysiology not only for its direct inflammatory, vasodil-
ator and motor effects (Dahlen et al., 1988) but also as an
endogenous activator of sensory nerves. Lipoxin A, contracts
lung parenchymal strips of various species, including man
(Dahlen et al., 1988; Jacques et al., 1988; Sigal & Nadel, 1988).
In guinea-pig lung part of its contractile actions are mediated
by generation of thromboxane A, (Dahlen et al., 1988), but in
the present study this is unlikely, since indomethacin was
present throughout. Lipoxin A, also activates directly protein
kinase C (Hansson et al., 1986), and this biochemical action
can produce depolarization of nonmyelinated C fibres (Rang
& Ritchie, 1988). Further studies are necessary to clarify
whether or not lipoxins activate sensory nerves by stimulation
of specific receptors on the outer membrane and/or by activa-
tion of some intracellular biochemical mechanisms. Inter-
estingly, lipoxin A, can be generated by neutrophils (Serhan,
1989), alveolar macrophages, eosinophils and, possibly, epithe-
lial cells (Sigal & Nadel, 1988). Significant amounts of lipoxin
A, have been detected in bronchoalveolar lavage fluids
obtained from patients with lung diseases but not from
healthy volunteers (Lee et al., 1990). In view of the above, it is
reasonable to speculate that eosinophila and epithelial
sheeding, typical hallmarks of airway hyperreactivity and
asthmatic bronchial biopsies (Barnes, 1989a), can lead to an
increased local production of lipoxins which in turn contrib-
utes to the activation of sensory nerves, thus producing neuro-
genic inflammation.

In conclusion our studies indicate that, in guinea-pig
bronchus, some lipid mediators (the synthesis of which
involves the S-lipoxygenase pathway) can interact with
capsaicin-sensitive sensory nerves, and therefore, that at least
part of the motor effects produced by AA might rely indirectly
upon the local release of sensory neuropeptides. Among the
eicosanoids, lipoxin A, appears to be one of the most likely
candidates which activates capsaicin-sensitive nerves in
guinea-pig bronchial tissues. The pharmacological control of
the interaction between inflammatory mediators and sensory
nerves may represent a relevant target for new strategies in
treatment of asthma.

We gratefully acknowledge Dr L.G. Garland and Dr A.N. Payne
(Wellcome, U.K.) for providing BW A4C, Dr C.A. Maggi for useful
comments during the preparation of this manuscript and Mr G. Cal-
viani for excellent technical assistance.

This study was partially supported by IMI grant No. 53084.

Istituto Farmacobiologico Malesci is a company related to
Industrie Farmaceutiche Menarini, Firenze.

DAHLEN, S-E., HEDQVIST, P, HAMMARSTROM, S. & SAMUELSSON,
B. (1980). Leukotrienes are potent constrictors of human bronchi.
Nature, 228, 484—486.

DAHLEN, S.-E,, FRANZEN, L., RAUD, J,, SERHAN, C.N,, WESTLUND, P.,
WIKSTROM, E., BJORCK, T., MATSUDA, H., WEBBER, S., VEALE,
C.A., PUUSTINEN, T., HEEGGSTROM, E., NICOLAOU, K.C. & SAM-
UELSSON, B. (1988). Effects of lipoxin A, and related compounds
in smooth muscle preparations and on the microcirculation in
vivo. In Lipoxins: Biosynthesis, Chemistry and Biological Activities,
ed. Serhan, CN. & Wong, PK. pp. 107-130. New York, NY:
Plenum Press.

DI MARZO, V., TIPPINS, J.R. & MORRIS, H.R. (1987). Dual role of
neuropeptidergic system in pathology of asthma? Trends Phar-
macol. Sci., 8, 168-169.

DI MARZO, V., TIPPINS, JR. & MORRIS, HR. (1988). PAF-mediated
leukotriene biosynthesis in lungs: control by neuropeptidergic
system. In The Role of Platelet-Activating Factor in Immune Dis-
orders, ed. Braquet, P. New Trends Lipid Med. Res., 2, 99-106.

FORSTERMANN, U. & NEUFANG, B. (1985). Endothelium-dependent
vasodilation by melittin: are lipoxygenase products involved? Am.
J. Physiol., 249, H14-H19.



1032 S. MANZINI & S. MEINI

HABERMANN, E. (1972). Bee and wasp venoms. Science, 177, 314-322.

HANSSON, A., SERHAN, CN., HAEGGSTROEM, J, INGELMAN-
SUNBERG, M., SAMUELSSON, B. & MORRIS, J. (1986). Activation
of protein kinase C by lipoxin A and other eicosanoids. Intracellu-
lar action of oxygenation products of arachidonic acid. Biochem.
Biophys. Res. Commun., 134, 1215-1222.

ICHINOSE, M., BELVISI, M.G. & BARNES, P.G. (1990). Bradykinin-
induced bronchoconstriction in guinea-pig in vivo: role of neural
mechanisms. J. Pharmacol. Exp. Ther., 253, 594-599.

JACQUES, C.AJ, SPUR, B.W,, CREA, AEG. & LEE, T.H. (1988). The con-
tractile activities of lipoxin A4 and lipoxin B4 for guinea-pig
airway tissues. Br. J. Pharmacol., 95, 562-568.

LEE, T.H,, CREA, E.G., GANT, V., SPUR, B.W.,, MARRON, B.E,, NICOLAU,
K.C., REARDON, E., BREZINSKI, M. & SERHAN, C.N. (1990). Identi-
fication of lipoxin A, and its relationship to the sulfidopeptide leu-
kotrienes C,, D,, and E, in the bronchoalveolar lavage fluids
obtained from patients with selected pulmonary diseases. Am. Rev.
Resp. Dis., 141, 1453-1458.

MAGGI, CA. & MELI, A. (1988). The sensory-efferent function of
capsaicin-sensitive sensory neurons. Gen. Pharmacol., 19, 1-43.

MAGG]I, C.A., SANTICIOLI, P. & MELI, A. (1987). Four motor effects of
capsaicin on guinea pig distal colon. Br. J. Pharmacol., 90, 651—
660.

MAGG]I, C.A,, PATACCHINI, R., PERRETTI, F.,, MEINI, S, MANZINI, S,
SANTICIOLI, P., DEL BIANCO, E. & MELI, A. (1990). The effect of
thiorphan and epithelium removal on contractions and tachykinin
release produced by activation of capsaicin-sensitive afferents in
the guinea-pig isolated bronchus. Naunyn-Schmiedebergs Arch.
Pharmacol., 341, 74-79.

MANZINI, S., BALLATI, L., GEPPETTI, P, RUBINI, I, MEINI, S. & PER-
RETTI, F. (1989). Arachidonic acid-induced bronchomotor
responses are partially mediated by release of sensory neuro-
peptides from capsaicin-sensitive structures. Br. J. Pharmacol., 98,
1077-1079.

MANZINI, S. & MEINI, S. (1990). Involvement of capsaicin-sensitive
structures in arachidonic acid-induced motor effects in guinea-pig
isolated bronchus. Eur. J. Pharmacol., 183, 1571.

MOLLAY, C., KREIL, G. & BERGER, H. (1976). Action of phos-
pholipases on the cytoplasmic membrane of escherichia coli:
stimulation by melittin. Biochim. Biophys. Acta, 426, 317-324.

RANG, H.P. & RITCHIE, J.M. (1988). Depolarization of nonmyelinated
fibers of the rat vagus nerve produced by activation of protein
kinase C. J. Neurosci., 8, 2606-2617.

RAPOPORT, R.M., ASHRAF, M. & MURAD, F. (1989). Effect of melittin
on endothelium-dependent relaxation and cyclic GMP levels in rat
aorta. Circ. Res., 64, 463—473.

RODRIGUE, F., HOFF, C, TOUVAY, C, CARRE, C, VILAIN, B,
MENCIA-HUERTA, J.M. & BRAQUET, P. (1987). Release of immu-
noreactive substance P and vasoactive intestinal peptide (VIP)
from guinea-pig upper airways by platelet activating factor (PAF-
acether). Prostaglandins, 34, A178.

SAMUELSSON, B, DAHLEN, S.-E., LINDGREN, J.A, ROUZER, CA. &
SERHAN, C.N. (1987). Leukotrienes and lipoxins: structures, bio-
synthesis, and biological effects. Science, 237, 1171-1176.

SARIA, A, MARTLING, C.-R,, YAN, Z, THEODORSSON-NORHEIM, E,,
GAMSE, R & LUNDBERG, J.M. (1988). Release of multiple tachy-
kinins from capsaicin-sensitive sensory nerves in the lung by
bradykinin, histamine, dimethylphenyl piperazinium, and vagal
nerve stimulation. Am. Rev. Respir. Dis., 137, 1330-1335.

SERHAN, C.N. (1989). On the relationship between leukotriene and
lipoxin production by human neutrophils: evidence for differential
metabolism of 15-HETE and 5-HETE. Biochim. Biophys. Acta,
1004, 158-168.

SERHAN, C.N,, HAMBERG, M. & SAMUELSSON, B. (1984). Lipoxins: a
novel series of biologically active compounds formed from arachi-
donic acid in human leukocytes. Proc. Natl. Acad. Sci., US.A., 81,
5335-5339.

SERHAN, C.N,, NICOLAOU, K.C., WEBBER, S., VEALE, C.A,, DAHLEN,
S.E, PUUSTINEN, T.J. & SAMUELSSON, B. (1986). Lipoxin A:
stereochemistry and biosynthesis. J. Biol. Chem., 261, 16340-
16345.

SHIER, T.W. (1979). Activation of high levels of endogenous phos-
pholipase A2 in cultured cells. Proc. Natl. Acad. Sci., U.S.A., 76,
195-199.

SIGAL, E. & NADEL, J.A. (1988). Arachidonic acid 15-lipoxygenase and
airway epithelium. Am. Rev. Respir. Dis., 138, S35-S40.

STEWART, A.G., THOMPSON, D.C. & FENNESSY, M.R. (1984). Involve-
ment of capsaicin-sensitive afferent neurones in a vagal-dependent
interaction between leukotriene D4 and histamine on broncho-
motor tone. Agents Actions, 15, 500-508.

TATESON, J.E, RANDALL, R.W.,, REYNOLDS, C.H,, JACKSON, WP,
BHATTACHERJEE, P., SALMON, JA. & GARLAND, L.G. (1988).
Selective inhibition of arachidonate S-lipoxygenase by novel ace-
tohydroxamic acids: biochemical assessment in vitro and ex vivo.
Br. J. Pharmacol., 94, 528-539.

(Received November 1, 1990
Revised December 13, 1990
Accepted December 18, 1990)



Br. J. Pharmacol. (1991), 103, 1033-1040

The diverse effects of cromakalim on tension and %¢Rb efflux
in canine arterial smooth muscle
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1 To characterize further the K* channels opened by cromakalim in arterial smooth muscle, the effects
of cromakalim on tension and 86Rb efflux were compared in endothelium-denuded strips of coronary,
mesenteric and middle cerebral (MC) arteries of the dog.

2 Cromakalim relaxed strips precontracted with 20.9mm K *. The maximum relaxation induced by cro-
makalim varied in the arteries used; 94% in the coronary artery, 60% in the mesenteric artery and only
38% in the MC artery. Cromakalim failed to relax arterial strips precontracted with 65.9mm K *.

3 When the effects of cromakalim on 86Rb efflux were determined in 20.9mm K *-contracted strips,
cromakalim-induced relaxations were accompanied by a large increase in 8Rb efflux in the coronary
artery, by a small increase in the mesenteric artery but by an apparent decrease in the MC artery.

4 When 10~ 7 M nifedipine was added to 20.9 mm K *-contracted strips, to inactivate Ca2*-activated K *
(Kc,) channels, cromakalim produced a greater increase (measured from the point at which cromakalim
was administered) in 8°Rb efflux than in the absence of nifedipine, suggesting that the effects of cromaka-
lim on °Rb efflux from the 20.9 mm K *-contracted strips may be the resultant of two opposing effects: an
increased 86Rb efflux perhaps due to the opening of ATP-sensitive K * (Katp) channels, and a decreased
efflux due to the closing of K, channels.

5 After the inactivation of K, channels in 20.9mm K*-contracted strips, the cromakalim-induced
increase in 3Rb efflux measured as area under the curve was eight times greater in the coronary artery
than in the MC artery. The increase in 3°Rb efflux in the mesenteric artery was intermediate between
these extremes.

6 Cromakalim also increased the ®°Rb efflux from 65.9mm K *-contracted strips. This increase was not
augmented by the addition of nifedipine. Under these conditions, a similar variation in efflux response (as
area under the curve) for cromakalim was noted in the arteries used.

7 The relaxant responses of each artery to cromakalim were competitively antagonized by glibencla-
mide, a blocker of K1 channels. The cromakalim-induced increase in 8°Rb efflux was also inhibited by
glibenclamide.

8 These results suggest that cromakalim-opened K* channels in the three arteries may differ in terms of
their frequency of occurrence in the plasmalemma, their permeability to ®*Rb and their ability to modu-
late tension development. On the other hand, the activities of K, and voltage-sensitive K* channels,
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estimated from the effects of nifedipine, were similar in the three arteries.
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K* channel opener; cromakalim; arterial smooth muscle; arterial relaxation; 8°Rb efflux; ATP-sensitive K*

Introduction

K™ channels of vascular smooth muscle cells play an impor-
tant role in determining the resting membrane potential and
regulating contractility. Vascular smooth muscle contractions
have been demonstrated to be associated with the opening of
K™ channels (Bolton & Clapp, 1984; Casteels & Droogmans,
1985; Aaronson & Jones, 1985). Some of these channels are
sensitive to membrane potential (voltage-sensitive K*
channels), and others are regulated by intracellular Ca%* con-
centration (K¢, channels). By comparing the effects of nor-
adrenaline and elevated K* on the efflux of 8Rb or 2K and
on tension in several arterial preparations, it has been demon-
strated that these K* channels vary in their occurrence and
properties from one artery to another (Bolton & Clapp, 1984).

In addition to these K* channels, Standen et al. (1989) have
recently demonstrated the presence of K,;p channels in
arterial smooth muscle cells at the single channel level. They
have further demonstrated that these channels were opened by
the hyperpolarizing vasodilator, cromakalim, and inhibited by
the K, 1p channel blocker glibenclamide. Cromakalim belongs
to a new class of vasodilators, the mechanism of action of
which is thought to involve the opening of K* channels in

! Author for correspondence.

vascular smooth muscle. This mechanism of action has been
proposed on the basis of the ability of cromakalim to increase
86Rb (or *?K) efflux from preloaded vascular smooth muscle
preparations and to hyperpolarize the cell membrane
(Hamilton et al., 1986; Weir & Weston, 1986; Quast, 1987;
Cook et al, 1988a; Quast & Baumlin, 1988). In vascular
smooth muscle preparations, cromakalim inhibits contrac-
tions induced by noradrenaline and low concentrations (below
30mm) of K*. Under conditions where vascular preparations
are contracted with low K*, the equilibrium potential for K*
(Eg) is significantly more negative than the actual membrane
potential and the threshold for the opening of voltage-
dependent Ca2* channels (VDCs). On the other hand, croma-
kalim is ineffective against contraction induced by high
concentrations of K*, probably because high K* reduces Ey
to a value less negative than that required to ensure closure of
VDCs. Under these conditions, the cromakalim-induced
increase in K* permeability would not hyperpolarize vascular
smooth muscle sufficiently to close VDCs. Recent pharmaco-
logical studies have demonstrated that a range of hypogly-
caemic sulphonylureas, typified by glibenclamide, antagonize
the vascular relaxant responses to cromakalim in a competi-
tive fashion (Winquist et al., 1989; Wilson, 1989; Cavero et al.,
1989; Buckingham et al, 1989; Quast & Cook, 1989) and
inhibited the cromakalim-induced increase in 8°Rb efflux from
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vascular smooth muscle preparations (Quast & Cook, 1989;
Masuzawa et al., 1990a). These electrophysiological and phar-
macological studies clearly indicate that cromakalim is a
potentially useful tool for investigating the properties and
populations of K* channels in vascular smooth muscle.

The present study was designed to investigate whether
cromakalim-opened K* channels in different arteries exhibit
heterogeneity in their properties and populations. To this end,
effects of cromakalim on tension and 8Rb efflux were com-
pared in coronary, mesenteric and middle cerebral (MC)
arteries of the dog. Our results indicate that the distribution
and properties of cromakalim-opened K* channels may be
considerably different in the three arteries.

Methods

Preparation of arterial strips

Mongrel dogs of either sex weighing 7-12 kg were anaes-
thetized with sodium pentobarbitone (30mgkg™1!, i.v.) and
exsanguinated. The heart, the brain and the mesenteric artery
with an in situ outside diameter of 0.6-0.8 mm were removed
and placed in the physiological salt solution (PSS) of the fol-
lowing composition (mm): NaCl 115.0, KCl 4.7, CaCl, 2.5,
MgCl, 1.2, NaHCO, 250, KH,PO, 1.2 and dextrose 10.0.
The left anterior descending coronary artery (0.6-1.0 mm) was
dissected from the heart and the MC artery (0.6-0.8 mm) was
dissected from the brain. Helical strips (0.8 mm in width and
7mm in length) of these arteries were prepared as described
previously (Asano et al., 1987; 1988; Masuzawa et al., 1990a,
b). The endothelium of the strip was removed by gently
rubbing the endothelial surface with cotton pellets.

Strips were mounted vertically between hooks in water-
jacketed muscle baths containing 20 ml of the PSS. The PSS
was maintained at 37°C and continuously bubbled with a
mixture of 95% O, and 5% CO,. The upper end of the strip
was connected to a force-displacement transducer (TB-612T,
Nihon Kohden Kogyo Co., Tokyo, Japan) for isometric
tension recordings. Strips were stretched passively to optimal
length by imposing resting tension (coronary, 0.8 g; mesen-
teric, 0.8 g; MC, 0.7 g). The optimal resting tension was deter-
mined by a length-passive tension study (Asano et al., 1987).
After application of the resting tension, strips were equili-
brated for 90 min. All experiments were conducted on
phenoxybenzamine-treated strips to eliminate possible a-
adrenoceptor responses to noradrenaline released by the K*-
depolarization. To this end, strips were treated with
2 x 10~®M phenoxybenzamine during the first 60 min of the
90 min equilibration period (Asano et al., 1988; Masuzawa et
al., 1990a, b).

Relaxation of arterial strips

After the equilibration, contractile responses of the strips to
the PSS containing 659mM K* (K* substitution for Na*)
were repeated two or three times until the responses were
reproducible. To determine the relaxant responses to croma-
kalim, strips were contracted by the addition of 15mM K* to
the PSS (total K* concentration; 20.9 mMm) before challenge
with this drug. Cumulative concentration-response curves for
the relaxant responses to cromakalim were constructed. At the
end of each experiment, 10~ %M papaverine was added to iden-
tify the position of the maximum relaxation. Relaxant
responses to cromakalim are expressed as % of the
papaverine-induced maximum relaxation.

Effects of glibenclamide on the relaxant responses to croma-
kalim were determined in 20.9mm K*-contracted strips as
described previously (Masuzawa et al., 1990a, b). Usually five
strips from the same animal were prepared and subjected to
different treatments; four strips were treated with glibencla-
mide (3 x 1078m, 1 x10°"M, 3 x 107"M or 1 x 107 %m),
while the control strip was treated with the vehicle (ethanol)

.

for glibenclamide. Glibenclamide was added 20 min before the
K *-induced contractions. The data were subjected to a Schild
plot analysis according to the method of Arunlakshana &
Schild (1959), and the pA, value for glibenclamide and the
slope of the line were determined from the regression analysis.

The relaxant responses to cromakalim were also determined
in strips precontracted with 65.9mmM K™,

Measurements of 2°Rb efflux and tension

Strips were mounted vertically on stainless-steel rods and
allowed to equilibrate in the PSS for 90 min. Strips were then
incubated for an additional 3 h in the PSS to which 14-20 xCi
ml~! 8Rb had been added. The final concentration of 8*RbCl
in the PSS was 4-12 x 107 5M. Each strip was then dipped
three times (a total of 15s) into non-radioactive PSS to
remove excess radioactivity, and transferred to a temperature-
controlled superfusion chamber similar to that described by
Su & Bevan (1970). The upper end of the strip was connected
to the force-displacement transducer as in the tension experi-
ments. A resting tension of 2.4 g (coronary and mesenteric) or
2.1 g (MC) was applied because larger strips were used. Strips
were superfused at a rate of 1 mlmin~! with the oxygenated
PSS at 37°C. Strips were superfused for the next 30 min before
application of the test drugs. The superfusate was sampled by
use of a collection period of 2min and counted for radioac-
tivity in an Aloka autowell gamma counter. The radioactivity
remaining in the strip at the end of an efflux sequence was
determined by dissolving the strip in 0.5ml of 1N nitric acid
and the volume of the sample was adjusted to 2.0ml. The rate
constant of 85Rb efflux was then calculated as the radioac-
tivity released from the strip per min at time ¢ divided by the
radioactivity remaining in the strip at that time (Imaizumi &
Watanabe, 1981; Bolton & Clapp, 1984; Quast, 1987).

Drug effects on the efflux were generally calculated as the
peak value of efflux rate constant obtained in the presence of
the drug divided by the basal value of efflux rate constant
averaged over 6-10min before drug application. However, in
strips of the mesenteric artery, the effect of cromakalim faded
during application (see Figure 4) and the area under efflux
sequence of the rate constant vs. time plot was chosen as a
better measure of the drug effect. Areas were calculated from
an increase in the efflux rate constant during the 10 min appli-
cation time (Quast, 1987; Masuzawa et al., 1990a, b). The
efflux rate constant at the time when cromakalim was admin-
istered was used as a baseline for the drug effect (Masuzawa et
al., 1990a, b).

Statistical analysis

When assessing the EC,, value for cromakalim, responses to
cromakalim were calculated as % of the maximum response
obtained with the drug. The EC,, value was obtained from a
plot of % response vs. log concentration of cromakalim and
expressed as a negative log (pD, value).

Unless specified, results shown in the text, tables and figures
are expressed as meanst+semean (n=number of
preparations). Statistical analysis of the data was performed
by use of Student’s ¢ test for paired or unpaired data, or by
completely randomized design, one-way analysis of variance
followed by Newman-Keuls test for a significant F ratio
(P < 0.05), depending on which test was statistically appropri-
ate. Two groups of data were considered to be significantly
different when P < 0.05.

Drugs and chemicals

The drugs used were cromakalim (Beecham Pharmaceuticals
Research Division), glibenclamide (Sigma Chemical Co.),
apamin (Sigma), papaverine hydrochloride (Wako Pure
Chemical Industries), nifedipine (Bayer Yakhin Ltd.) and phe-
noxybenzamine hydrochloride (Nakarai Chemicals). 85RbCl



(Amersham International) was obtained as a solution contain-
ing an initial specific activity of 1.5-2.9 mCi mg~".

Cromakalim was dissolved in 60% ethanol to make a stock
solution of 10~2M with further dilution in distilled water
before use. Stock solutions of nifedipine (10~3m) and phe-
noxybenzamine (10~ 3 M) were prepared in 50% ethanol with
further dilution in distilled water before use. Glibenclamide
was dissolved in 50% ethanol to make a stock solution of
10~3m with further dilution in the same solvent before use.
Aqueous stock solutions were prepared for other drugs. Con-
centrations of drugs are expressed as final molar concentra-
tions in the muscle bath.

Results

Relaxation of arterial strips induced by cromakalim

Relaxant responses to cromakalim were first determined in
209mm K™*-contracted strips of coronary, mesenteric and
MC arteries (Figure 1). In the PSS containing 20.9mM K*,
strips of these arteries showed a sustained contraction. The
magnitude of the K*-induced contraction in the coronary
artery (69.0 + 3.5% of the 659mMm K™*-induced maximum
contraction, n = 22) and the MC artery (68.6 + 3.9%, n = 12)
was significantly (P < 0.05) greater than that in the mesenteric
artery (47.8 + 4.9%, n = 17). The addition of cromakalim in
concentrations ranging from 3 x 1078 to 1 x 10~ 3M caused a
concentration-dependent relaxation in these strips (Figure 1a).
The maximum relaxation induced by 1 x 10~°M cromakalim
varied in the arteries used; 94.3 + 0.8% of the papaverine-
induced maximum relaxation in the coronary artery (n = 22),
59.6 + 3.8% in the mesenteric artery (n = 17) and 38.2 + 6.5%
in the MC artery (n = 12) (Figure 1b). The pD, value for cro-
makalim in the coronary (6.53 + 0.05, n = 22) or the mesen-
teric (6.56 + 0.05, n = 17) artery was significantly larger than
that in the MC artery (5.84 + 0.09, n = 12) (Figure 1b).

Antagonism by glibenclamide of the relaxant responses to
cromakalim

Glibenclamide in concentrations ranging from 3 x 1078 to
1 x 107%M caused a parallel rightward displacement of the
concentration-response curve for cromakalim in strips of these
three arteries. At the concentrations used, glibenclamide did
not modify the resting tone or K *-induced contractions. After
the 60 min preincubation with 1 x 10~ ®M glibenclamide, the
resting tone and K*-induced contractions were not modified.
The pA, value for glibenclamide and the slope of the regres-
sion line obtained from the Schild plot analysis in each artery
are shown in Table 1.

Apamin, a blocker of low conductance K., channels, in a
concentration of 10”7 M did not inhibit the relaxant responses
to cromakalim in these arteries.

Stimulation by cromakalim of 3°Rb efflux from 20.9 mm
K *-contracted strips

To clarify the possible correlation of the cromakalim-induced
increase in ®Rb efflux with the tension effect, the effects of
cromakalim were determined in 20.9 mM K *-contracted strips
of the coronary artery (Figure 2). Upon stimulation with
209mM K*, the tension and %°Rb efflux were increased.
Under these conditions, the addition of 1 x 10~ 5M cromaka-
lim caused a relaxation which was accompanied by a further
increase in 3°Rb efflux (Figure 2a).

Glibenclamide in a concentration of 10~ ¢M significantly
inhibited the cromakalim (10~ 3Mm)-induced increase in 26Rb
efflux from 209mM K*-contracted strips of the coronary
artery (Figure 3). In the presence of glibenclamide, cromaka-
lim did not relax the strips (Figure 3).

Effects of nifedipine on the cromakalim-induced increase in
86Rb efflux were then determined (Figure 2b). In these experi-
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Figure 1 Arterial relaxant responses to cromakalim in 209 mMm K*-
contracted strips of coronary, mesenteric and middle cerebral (MC)
arteries. (a) Typical recordings showing the relaxant responses to cro-
makalim in 209mM K*-contracted strips. After the 90-min equili-
bration, strips were maximally activated by repeated application of
the PSS containing 65.9mM K * until the responses were reproducible.
Following washout, contraction was subsequently induced by the PSS
containing 20.9mm K *. After the contraction had reached a plateau,
cromakalim was added in a cumulative fashion. At the end of each
experiment 10~ *M papaverine (Pap) was added to identify the posi-
tion of maximum relaxation. Concentrations of cromakalim are
expressed as a negative log of the molar concentration. The 20.9 mm
K*-induced contractions were well sustained for at least 2h. (b)
Concentration-response curves for the relaxant responses to cromaka-
lim in 20.9 mM K *-contracted strips of coronary (O), mesenteric (@)
and MC (A) arteries. Relaxation induced by 10™4M papaverine was
taken as 100%. Data points are means of values from the number of
preparations indicated by each curve. Vertical lines represent
s.e.mean.

ments, 10~ 7 M nifedipine was added before the application of
cromakalim to inactivate the K, channels via the inhibition
of Ca?* influx. The addition of nifedipine to 209 mm K™-
contracted strips caused a relaxation which is accompanied by
a decrease in 8°Rb efflux. Under these conditions, 10~ ° M cro-
makalim increased the 8°Rb efflux. When the effect of croma-
kalim on 8¢Rb efflux was expressed in terms of area under the
curve during the 10 min application time, the effect was signifi-
cantly (P < 0.01) greater in the presence of nifedipine than in
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Figure 2 Effects of cromakalim on tension (top panels) and ®Rb
efflux (bottom panels) in 209 mm K*-contracted strips of the coro-
nary artery in the absence (a) and presence (b) of nifedipine. Ordinate
scale: change in tension expressed as g or ®°Rb efflux rate constant
expressed as 10”3 min~!. Abscissa scale: time (min) after start of the
efflux period. In (a), strips preloaded with ®Rb were exposed to
209mm K* at the 30th min of the efflux period and then exposed to
10~ 5M cromakalim at the 50th min. The rate constants are means of 6
determinations. The s.e.mean (representative values) are shown by ver-
tical lines. The 8SRb efflux rate constant in the presence of 20.9 mm
K* was fairly constant between the 34th and 60th min of the efflux
period. In (b), strips preloaded with 86Rb were exposed to 20.9mm K *
at the 30th min of the efflux period and then exposed to 10~7M
nifedipine at the 50th min. After 20min, 10~ °M cromakalim was
applied at the 70th min of the efflux period. Data are plotted as in (a).
The rate constants are means of 6 determinations. The 86Rb efflux
rate constant in the presence of 209mM K* plus 10~ 7 M nifedipine
was fairly constant between the 58th and 80th min of the efflux
period.

the absence of nifedipine (Table 2). The peak values of the
86Rb efflux rate constant during the application of cromaka-
lim were not significantly different between the presence and
absence of nifedipine (Figure 2).

Similar experiments were performed in 209mM K*-
contracted strips of the mesenteric artery (Figure 4). The addi-
tion of 10”5M cromakalim to the strips caused a relaxation
which was accompanied by a small increase in 8Rb efflux
(Figure 4a, Table 2). The area under the curve for the
cromakalim-induced increase in 85Rb efflux was significantly
smaller in the mesenteric artery than in the coronary artery
(Table 2). In the presence of nifedipine, 10~ %M cromakalim
increased the %6Rb efflux (Figure 4b). Again, the area under
the curve for the cromakalim-induced increase in 86Rb efflux
was significantly greater in the presence of nifedipine than in
the absence of nifedipine (Table 2). Even in the presence of
nifedipine, the area under the curve for cromakalim was sig-
nificantly smaller in the mesenteric artery than in the coro-
nary artery (Table 2).

In the MC artery, the addition of 10~ * M cromakalim to the
20.9mMm K *-contracted strips caused a relaxation which was

Table 1 The pA, value for glibenclamide against cromaka-
lim and the slope of Schild plots in 20.9mM K *-contracted
strips of coronary, mesenteric and middle cerebral (MC)
arteries

Artery n pA,* Slope*

Coronary 6 7.62 +0.12 1.25 + 0.37

Mesenteric 5 7.20 + 0.13 1.02 + 0.20

MC 5 7.53 £ 0.18 098 + 0.19
*The pA, values and slopes are expressed as

means + s.e.mean and means +95% confidence limits, respec-
tively. For details, see Methods.
n indicates the number of preparations used.
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Figure 3 Inhibitory effects of glibenclamide on the cromakalim-
induced relaxation (top panel) and increase in 86Rb efflux (bottom
panel) in 20.9 mM K *-contracted strips of the coronary artery. Experi-
mental conditions were the same as in Figure 2a. Strips preloaded
with 86Rb were first exposed to 10~%M glibenclamide (Glib) at the
30th min of the efflux period and then exposed to 209mM K* and
10~ * M cromakalim as indicated. Data are plotted as in Figure 2. The
rate constants are the mean of 4 determinations.

accompanied by a significant decrease in ®°Rb efflux (Figure
5a, Table 2). In the presence of nifedipine, cromakalim signifi-
cantly increased the 36Rb efflux (Figure 5b, Table 2). This
increase was significantly smaller than the increase in the
coronary or the mesenteric artery (Table 2).

Stimulation by cromakalim of °Rb efflux from 65.9 mm
K *-contracted strips

Further comparison of the effects of cromakalim on ®Rb
efflux was made in 659 mm K *-contracted strips of the coro-
nary artery (Figure 6). Upon the stimulation with 659 mM K*,
the tension and 86Rb efflux were greatly increased. In these
strips, cromakalim failed to relax the strips but increased the
86Rb efflux (Figure 6a). In 65.9mM K *-contracted strips, the
addition of 10”7 M nifedipine also caused a relaxation which
was accompanied by a decrease in ®°Rb efflux (Figure 6b).
Under these conditions, 10"5M cromakalim increased the
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Figure 4 Effects of cromakalim on tension (top panels) and ®°Rb
efflux (bottom panels) in 20.9mM K *-contracted strips of the mesen-
teric artery in the absence (a) and presence (b) of nifedipine. Experi-
mental conditions were the same as in Figure 2. Data are plotted as in
Figure 2. The rate constants are means of 6 determinations for (a) and

(®).
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Table 2 Effects of cromakalim on ®°Rb efflux from K *-contracted strips of coronary, mesenteric and middle cerebral (MC) arteries in

the absence and presence of nifedipine (Nif)

Effect on 8¢Rb efflux rate constant
(area under curve, 1072 10 min~1)®

Condition* Coronary
K* 20.9mm 382 + 3.4* (6)
K* 209mm + Nif 74.4 + 9.8*1 (6)
K* 65.9mm 128.7 + 16.3* (6)

K™ 659mm + Nif

132.7 % 16.0* (6)

Mesenteric MC

9.6 + 2.6 (6) —10.3 + 2.6* (5)
259 + 3.7 (6) 9.2 + 2.1*t (5)
51.8 + 6.4 (6) 13.2 £29* (5)
51.0 + 6.1 (6) 134 + 3.1* (5)

® Effects of 10~ ° M cromakalim on %6Rb efflux were determined in 20.9 mM and 65.9 mM K *-contracted strips in the absence and presence

of 10~ 7 M nifedipine.

b The effects of cromakalim are expressed as the area of the increase in the °Rb efflux rate constant during the 10 min application time.

For details, see Methods.

Figures in parentheses indicate the number of preparations used.
Data are expressed as means =+ s.e.mean.

* Significantly different from the mesenteric artery (P < 0.05).

t Significantly different from the value in the absence of 10~ 7 M nifedipine (P < 0.05).

86Rb efflux. The areas under the curve for the cromakalim-
induced increase in ®°Rb efflux were not significantly different
between the presence and absence of nifedipine (Table 2).

Similar experiments were then performed in the mesenteric
(Figure 7) and MC (Figure 8) arteries. Also in these arteries,
cromakalim failed to relax the strips but significantly
increased the 86Rb efflux (Figures 7a and 8a). In the presence
of 10”7 M nifedipine, cromakalim significantly increased the
86Rb efflux in both arteries (Figures 7b and 8b). The areas
under the curve for the cromakalim-induced increase in 86Rb
efflux from each artery were the same in the presence and
absence of nifedipine (Table 2). It i§ noteworthy that the effects
of cromakalim on 36Rb efflux varied in the arteries used
(Table 2). The response to cromakalim (measured as area
under the curve) in the 65.9mMm K™*-contracted coronary
artery was approximately 10 times greater than the equivalent
response in the MC artery.

From the results shown in Figures 6b, 7b and 8b, we tried
to estimate the properties of K., and voltage-sensitive K*
channels in the three arteries. The estimation was based on
the effects of nifedipine. The peak values of the 36Rb efflux
rate constant during the stimulation with 659mM K* in
the coronary, mesenteric and MC arteries were
184+15x10>min"! (n=6), 172+ 12 x 10 3min~*
(n=6) and 195+ 1.8 x 10" 3min~! (n=5), respectively.
Upon the addition of nifedipine, the rate constants were
decreased to a steady-state value of 7.9 + 0.5 x 10~ 3min~!
(coronary, n=6), 7.4 + 0.6 x 10 >*min~! (mesenteric, n = 6)
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Figure 5 Effects of cromakalim on tension (top panels) and %°Rb
efflux (bottom panels) in 20.9mM K *-contracted strips of the middle
cerebral (MC) artery in the absence (a) and presence (b) of nifedipine.
Experimental conditions were the same as in Figure 2. Data are
plotted as in Figure 2. The rate constants are means of 5 determi-
nations for (a) and (b).

and 92+0.7 x 107 3min~' (MC, n=35). The nifedipine-
sensitive components during the stimulation with 65.9mm K*
were calculated as 10.5 + 1.3 x 10~ 3min~! (coronary, n = 6),
9.8+ 1.0 x 10 3min~! (mesenteric, n=6) and
103+ 1.2 x 1073min~! (MC, n=35). These components
were regarded as a function of K, channels and were similar
among the three arteries. Furthermore, the nifedipine-
insensitive components (regarded as a function of voltage-
sensitive K* channels) were also similar among the three
arteries. On the other hand, the peak values of the 86Rb efflux
rate constant during the application of cromakalim to these

strips were 24.0+ 3.5 x 10"3min~! (coronary, n = 6),
154+ 1.2 x 10" 3min~?! (mesenteric, n=~6) and
110+ 08 x 1073min~! (MC, n=5). The cromakalim-

sensitive components were then calculated by subtracting the
steady-state value before the application of cromakalim from
the peak value after the application of cromakalim. This com-
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Figure 6 Effects of cromakalim on tension (top panels) and %Rb
efflux (bottom panels) in 65.9mM K*-contracted strips of the coro-
nary artery in the absence (a) and presence (b) of nifedipine. In (a),
strips preloaded with 8Rb were exposed to 65.9mMm K™* at the 30th
min of the efflux period and then exposed to 10™*M cromakalim at
the 40th min. The ®SRb efflux rate constant in the presence of 65.9 mm
K™ was fairly constant between the 40th and 50th min of the efflux
period. In (b), strips preloaded with 8¢Rb were exposed to 65.9mmM K*
at the 30th min of the efflux period and then exposed to 10™"M
nifedipine at the 40th min. After 20min, 10~ M cromakalim was
applied at the 60th min of the efflux period. The %°Rb efflux rate
constant in the presence of 65.9mM K* plus 10”7 M nifedipine was
fairly constant between the 54th and 70th min of the efflux period.
Data are plotted as in Figure 2. The rate constants are means of 6
determinations for (a) and (b).
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Figure 7 Effects of cromakalim on tension (top panels) and %Rb
efflux (bottom panels) in 659 mM K *-contracted strips of the mesen-
teric artery in the absence (a) and presence (b) of nifedipine. Experi-
mental conditions were the same as in Figure 6. Data are plotted as in
Figure 2. The rate constants are means of 6 determinations for (a) and

(b).

ponent varied in the arteries used; 16.2 + 2.7 x 10" 3min~!

for the coronary artery (n = 6), 7.9 + 0.8 x 10”3 min~! for the
mesenteric artery (n = 6) and 1.7 + 0.6 x 10 3min~" for the
MC artery (n = 95).

Discussion

The experiments described in the present study evaluated the
effects of cromakalim on tension and ®°Rb efflux in strips
without endothelium of coronary, mesenteric and MC arteries
of the dog, to compare the properties and populations of
cromakalim-opened K* channels. The major conclusion is
that cromakalim-opened K* channels in the three arteries
may differ in terms of their frequency of occurence in the plas-
malemma, their permeability to 8°Rb and their ability to
modulate tension development. This conclusion is suggested
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Figure 8 Effects of cromakalim on tension (top panels) and 86Rb
efflux (bottom panels) in 65.9mMm K *-contracted strips of the middle
cerebral (MC) artery in the absence (a) and presence (b) of nifedipine.
Experimental conditions were the same as in Figure 6. Data are
plotted as in Figure 2. The rate constants are means of 5 determi-
nations for (a) and (b).

from the following observations: (1) the maximum relaxant
response to cromakalim determined in 209mmM K®*-
contracted strips was in the order of
coronary > mesenteric > MC; (2) the pD, value for cromaka-
lim in the MC artery was smaller than that in the coronary or
the mesenteric artery; (3) the ability of cromakalim to increase
86Rb efflux from 20.9mM K™*-contracted strips was in the
order of coronary > mesenteric > MC; (4) the same order was
observed in ®°Rb efflux from the arteries in which the K,
channels are inactivated by the addition of nifedipine, and (5)
the same result was also obtained in 86Rb efflux from 65.9 mm
K *-contracted strips. A likely possibility for the variation in
the effects of cromakalim on the three arteries appears to be
that the cromakalim-opened K* channels in the three arteries
vary in their populations and/or conductance.

Glibenclamide is a potent blocker of K ,p channels. A large
number of pharmacological studies have demonstrated a com-
petitive antagonism by glibenclamide of the responses to cro-
makalim in vascular tissues (Winquist et al. 1989; Wilson,
1989; Cavero et al., 1989; Buckingham et al., 1989; Quast &
Cook, 1989). In the present study, glibenclamide was also
demonstrated to antagonize the relaxant responses of the
three arteries to cromakalim. The Schild plot analysis for
antagonism by glibenclamide of the responses to cromakalim
clearly showed a competitive antagonsim in the three arteries.
The pA, values for glibenclamide in the three arteries were in
good agreement with the pA, values for this substance
obtained in other studies (Wilson, 1989; Cavero et al., 1989;
Quast & Cook, 1989). The cromakalim-induced increase in
86Rb efflux was also inhibited by glibenclamide. These obser-
vations indicate that cromakalim produced the arterial relax-
ation through the increase in K* permeability via the opening
of K,rp channels and these channels were distributed in the
three arteries. The relaxant responses to cromakalim were not
antagonized by apamin, suggesting that low conductance K,
channels were not involved in the relaxant responses to this
drug. This conclusion has already been proposed in other
vascular tissues (Cook et al, 1988b; Hamilton & Weston,
1989; Winquist et al., 1989; Masuzawa et al., 1990a).

The apparent mechanism of action of cromakalim was to
increase K* permeability, which in turn caused hyperpolar-
ization and subsequent relaxation of arterial smooth muscle
(Hamilton et al., 1986; Wier & Weston, 1986; Quast, 1987;
Cook et al, 1988a; Quast & Baumlin, 1988). When the
arteries were contracted with low concentrations of K*
(20.9 muM in the present study), the Ex would be more negative
than the actual membrane potential and the threshold for
VDC opening. Therefore, under these conditions, the increase
in K* permeability induced by cromakalim results in hyper-
polarization and arterial relaxation through the closing of
VDCs. On the other hand, cromakalim did not produce the
relaxation in strips precontracted with high concentrations of
K*, presumably because the high K* reduced the E¢ to a
value less inside negative than that required to close VDCs.
Under these conditions, the cromakalim-induced increase in
the K* permeability would not hyperpolarize the arterial
smooth muscle sufficiently to close VDCs. This assumption is
supported by the observation of the present study (Figures 6a,
7a and 8a) that the application of cromakalim to 65.9mm K *-
contracted strips failed to relax the strips but increased the
86Rb efflux from these strips.

86Rb has been used as a marker of K* permeability in
smooth muscle (Imaizumi & Watanabe, 1981; Bolton &
Clapp, 1984; Smith et al., 1986; Quast & Baumlin, 1988).
Upon the application of cromakalim to 209mm K@*-
contracted strips, 6Rb efflux was increased in the coronary
and mesenteric arteries but was decreased in the MC artery.
However, after the addition of nifedipine to the 20.9mm K *-
contracted strips, cromakalim increased the ¢Rb efflux from
these arteries. The extent of the increase in 36Rb efflux from
each artery was unexpectedly greater in the presence than in
the absence of nifedipine. In the coronary and mesenteric
arteries, the peak value of efflux rate constant induced by cro-



makalim was the same with and without nifedipine. These
findings strongly suggest that the effects of cromakalim on the
20.9mm K *-contracted strips seem to be the resultant of two
opposing effects; an increased ®6Rb efflux due to the opening
of K ,1p channels, and a decreased efflux due to the secondary
inactivation of other K* channels which were previously acti-
vated by 209mM K*. Arterial smooth muscle contraction
induced by K* is accompanied by an increase in 36Rb efflux,
presumably due to an opening of K¢, channels (Bolton &
Clapp, 1984; Casteels & Droogmans, 1985; Aaronson &
Jones, 1985; see also this paper, Figures 2-8). On the other
hand, the inhibition by drugs of transmembrane Ca2* influx
(either directly or indirectly) resulted in the closing of K,
channels (Casteels & Droogmans, 1985; Aaronson & Jones,
1985; see also this paper, Figures 2, 4-8). Therefore, the
increase in 3°Rb efflux from 20.9mm K *-contracted strips of
the coronary and mesenteric arteries may be explained by the
assumption that the amount of the increased 3°Rb efflux due
to the opening of K,y channels is greater than the amount of
the decreased efflux due to the closing of K, channels, while
the reverse is true for the MC artery in which the cromakalim-
induced relaxation was accompanied by the decreased efflux.
The assumption of two opposing effects of cromakalim is sup-
ported by the following observations: (1) relaxant responses to
nifedipine were accompanied by the decreased 86Rb efflux in
20.9mMm K*-contracted strips, and (2) effects of cromakalim
on 8¢Rb efflux from 65.9mm K *-contracted strips, where cro-
makalim failed to cause a relaxation, were the same for the
presence and absence of nifedipine. The latter observation
clearly indicates the possibility that the relaxation induced by
cromakalim was not due to a direct action on VDCs which
are the site of action of nifedipine. From these results, it is
likely that the cromakalim-induced increase in K* per-
meability causes hyperpolarization, which in turn inactivates
VDCs in K*-contracted arteries. The inactivation of VDCs
decreases the influx of Ca%*, which results in the closing of
K¢, channels. Therefore, under the conditions in which the
K, channels are inactivated, 8°Rb efflux due to the opening
of K,rp channels induced by cromakalim can be compared
among the arteries. The present study also provided an
analysis of the effects of cromakalim on 8¢Rb efflux from K *-
contracted arteries.

It has been demonstrated that cromakalim increased the
tissue permeability to 42K more than to 86Rb, the difference
being more marked at low cromakalim concentrations (Quast
& Baumlin, 1988). Furthermore, the basal efflux and K,
channel-activated efflux have been demonstrated to be selec-
tive for 2K over 2°Rb (Smith et al., 1986). Therefore, it is
possible that the 36Rb efflux quantitatively underestimated
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Putative neurotrophic factors and functional recovery from
peripheral nerve damage in the rat
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1 In rats, recovery of sensory-motor function following a crush lesion of the sciatic or tibial nerve was
monitored by measuring foot reflex withdrawal from a local noxious stimulation of the foot sole.

2 Putative neurotrophic compounds were tested on this functional recovery model: melanocortins
(peptides derived from ACTH (corticotropin) and «-MSH (melanotropin)), gangliosides and nimodipine
were effective whereas isaxonine and TRH (thyrotropin releasing hormone) were not.

3 Structure-activity studies with melanocortins revealed a similar effectiveness of a-MSH, [N-Leu*,
D-Phe’]-2-MSH, desacetyl-a-MSH and the ACTH,_, analogue ORG 2766, questioning the validity of the
previously suggested notion that the melanotrophic properties of these peptides are responsible for their
neurotrophic effect.

4 As recovery of function after peripheral nerve damage follows a similar time course in hypophysecto-
mized (five days post operation) and sham-operated rats, effective melanocortin therapy does not mimic
an endogenous peptide signal in the repair process from pituitary origin.

5 Subcutaneous treatment with ORG 2766 (7.5 ugkg ™' 48 h~!) facilitates recovery of function following
peripheral nerve damage in young (6-7 weeks old), mature (5 month old) and old (20 month old) rats.

6 In view of the diversity in structure of the effective neurotrophic factors and the complexity of nerve
repair, the present data support the notion that peripheral nerve repair may be facilitated by different
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humoral factors likely to be active on different aspects of the recovery process.

Keywords: Peripheral nerve regeneration; sciatic crush lesion; adrenocorticotrophic hormone (ACTH); melanotropin (x-MSH);
ORG 2766; neurotrophic factors; gangliosides; nimodipine

Introduction

Although progress has been made in the surgical repair of
peripheral nerve trauma, it is clear that the development of
new pharmacotherapeutics is a prerequisite for further
advancement of repair of damaged nerves (Gelijns et al., 1987).
For many years neurologists turned to vitamin B treatment to
improve peripheral nerve function with questionable results
(Jennekens, 1984). Following the initial discovery of Nerve
Growth Factor (NGF), more and more protein- and peptide-
factors have been isolated and characterized that enhance
neurite outgrowth in cultured foetal neurones (Varon, 1985;
Dekker et al., 1987a). As the molecular processes that underlie
postlesion axonal repair in the adult in part resemble a replay
of those processes that govern neurite outgrowth and network
formation in the developing nervous system (Bir et al., 1990),
developmentally active factors are often screened for their effi-
cacy in nerve repair. However, until now no clinically proven
new pharmacotherapy has emerged. In the present study using
a crush lesion of the rat sciatic nerve we evaluated the efficacy
of various factors claimed to have beneficial effects on func-
tional recovery in experimental regeneration and reinnerva-
tion. Although these factors are of a completely different
chemical nature and would affect the neurone via different
mechanisms of action, they have all been shown to accelerate
maturation and neurite outgrowth in cultured foetal neurones
(corticotropin/melanotropin (ACTH/MSH) like peptides: rat
spinal cord and cerebral neurones, Richter-Landsberg et al.,
1987, Van der Neut et al., 1988; gangliosides: various primary
neurone cultures, see Ledeen 1984; nimodipine: medial raphe
5-hydroxytryptaminergic neurones, Azmitia, 1989; isaxonine:
mouse spinal ganglion, Hugelin et al., 1977). In the present
experiments, detailed structure-activity studies were performed
to characterize further the active site in ACTH/MSH-like pep-
tides that may be responsible for their neurotrophic activity.

! Author for correspondence.

The data show that not all factors that are reported to
promote neurite outgrowth in vitro are effective in an in vivo
nerve repair model and that there are multiple message sites
encoding for the modulating influence of ACTH/MSH-like
peptides on functional recovery following peripheral nerve
lesion.

Methods
Animals and surgery

Female rats of an inbred Wistar strain (TNO CpB, Zeist, The
Netherlands), 6-7 weeks of age, weighing approximately 120-
140g, were used. Rats were anaesthetized with Hypnorm
(Duphar, Weesp, NL) containing fluanisone (10mgml~?') and
phentanylcitrate (0.2mgml~?') in a dose of 0.08 mlkg~! body
weight. Crush lesioning of the peripheral nerve was performed
as described in detail by De Koning et al. (1986). The right
sciatic nerve was crushed for 30s, with a haemostatic forceps.
In one experiment male rats of different ages were used: rats
of 6-7 weeks, 5 months and 20 months of age (weighing 150,
450 and 500-600g, respectively) received a crush lesion for
30s of the right tibial nerve. Hypophysectomy was performed
under light anaesthesia by transauricular route as described
previously (Gispen et al., 1970). Five days after hypophysec-
tomy (n = 8) or sham operation (n = 16), rats were either sub-
jected to crush lesioning or to sham operation of the right
sciatic nerve (see also legend to Figure 4). Reduction of body
weight, adrenal atrophy to a wet weight of less than 10mg
and absence of tissue in the sella tursica upon postmortem
macroscopic inspection, documented the efficacy of the
surgery.

Functional recovery

The return of sensorimotor function was measured by the foot
reflex withdrawal test, described previously (De Koning et al.,
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1986; Van der Zee et al., 1988). The rat was immobilized by
hand presenting the sole of its foot to the examiner. A small
electric current was applied to the sole of the foot at a given
place (position 3, see De Koning et al., 1986) through two
stimulation poles. A normal rat retracted its paw immediately
when the skin of the foot sole closes the electric circuit. Rats
bearing a crush lesion initially failed to do so. A response was
scored as positive if the rat retracted its paw from the noxious
stimulus instantaneously. A range of six brief pulses of current
(0.1-0.6 mA) was used to ascertain the lowest strength of
current required to elicit paw retraction. A rat was considered
fully recovered (100% recovery) when it retracted its paw at a
stimulus of 0.1 mA. Failure to retract at a 0.6mA current
stimulus indicated 0% recovery. Intermediate % recoveries
were 17, 33, 50, 66 and 83 at 0.6, 0.5, 0.4, 0.3 and 0.2mA
respectively. The examiner performing the reflex withdrawal
test was not aware of the treatment a given rat had received.

Data analysis

The treatment code was partially broken at the end of the
experiment to allow analysis of the data obtained from the
various treatment groups. The final treatment code indicating
which group had received what treatment was broken only
after analysis of the data was completed. The data obtained
by the functional recovery test were expressed as the mean %
recovery per day (+s.e.) and group differences were analyzed
by an analysis of variance for repeated measurements
(ANOVA), followed by a supplemental ¢ test, using the raw
data prior to transformation to percentage recovery.

Drugs

Peptides were synthesized and donated by Organon Interna-
tional B.V., Oss, The Netherlands. a-MSH (melanotropin),
desacetyl-a-MSH, [N-Leu*,p-Phe’]-a-MSH, MSH,, ;,,
p-MSH, 7,-MSH, ACTH¢,, ACTH, ,, and ORG 2766,
an ACTH,, analogue (H-Met(O,)-Glu-His-Phe-D-Lys-Phe-
OH). The peptides were freshly dissolved in saline and
administered s.c. in a dose of 0.01, 0.05, 0.1, 1.0 or 10ug
0.5ml~! 48h~!. The male rats of different ages and weights
received ORG 2766 in a s.c. dose of 7.5ugkg ' 48h~1!.
Thyrotrophin-releasing hormone (TRH) was dissolved in
saline and administered i.v. in a dose of 0.1 mg (bolus injection
of 0.05mg at 1h and 3h following surgery). Isaxonine (N-
isopropyl-amino-2 pyrimidine orthophosphate, a gift from
Organon International B.V.) was freshly dissolved in saline
and administered i.p. daily in a dose of 35 mg. The ganglioside
mixture (GA mixt = GM1, GD1a, GD1b, GT) was a gift from
Fidia Research Laboratories (Abano Terme, Italy). The gan-
gliosides were freshly dissolved in saline and administered i.p.
in a dose of 0.7mg per day. Nimodipine (a gift from Tropon
GmbH, Kodln, F.R.G.) was freshly dissolved in polyethylene-
glycol (PEG) and administered i.p. daily in a dose of
20mgkg~! in 0.1 ml PEG per 100 g body weight. Control rats
received vehicle s.c., i.v., i.p. or orally.

Results

Effect of putative neurotrophic compounds

In the first experiment different groups of rats, bearing a crush
lesion in the right sciatic nerve, were treated with different
putative neurotrophic compounds. The dose, route of admin-
istration and treatment schedule for each of the compounds
was chosen from the literature and was reported to be opti-
mally effective for the given drug (see legend to Figure 1).
Routinely, rats treated with vehicle begin to respond to the
noxious stimulus approximately at day 1618 post operation
and are considered fully recovered in this test at approx-
imately 23-24 days (see control groups in Figure lab,c.d).
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Figure 1 The effect of neurotrophic compounds on functional
recovery following crush lesion of the sciatic nerve in the rat. The
return of sensorimotor function was measured by the foot reflex with-
drawal reaction after foot sole stimulation with a range of six current
strengths of 0.1-0.6mA. The data are expressed as the mean percent-
age (%) receovery per day (s.e.mean shown by vertical bars). In each
group n = 10. (a) Rats receiving s.c. a-MSH (Q), dose 10ug 48h~!,
showed a significantly enhanced recovery compared to rats receiving
saline (@); F(1, 18) = 14.5, P < 0.005. (b) Treatment i.p. with gan-
gliosides ((J), 0.7mg per day, significantly enhanced the functional
recovery compared to saline treatment (@); F(1, 18) = 4.7, P < 0.05.
(c) Nimodipine i.p., treatment (A), 20mgkg ™' per day, resulted in a
significantly enhanced recovery of function compared to treatment
with the vehicle polyethylene glycol (@); F(1, 18) = 5.6, P < 0.05. (d)
Isaxonine i.p., (x), 35mg per day, showed no effect on the functional
recovery following rat sciatic nerve crush, compared to saline (@). For
the statistical evaluation an analysis of variance for repeated measure-
ments (ANOVA) was performed using the raw data.

Treatment with a-MSH, gangliosides or nimodipine acceler-
ated return of function substantially (Figure 1a,b,c), whereas
treatment with isaxonine (Figure 1d) or TRH (data not
shown) was ineffective.

Structure-activity studies with melanocortins

In order to gain insight into how the neurotrophic informa-
tion is encoded within the a-MSH/ACTH molecule, various
fragments and analogues were tested in the foot reflex with-
drawal test as described above. Most peptides were tested at
least in a dose of 1 or 10 ug per rat or both. In Figure 2 the ‘%
recovery above control’ at day 17 post surgery is presented. As
can be seen, a-MSH, [N-Leu*,p-Phe’]-a-MSH, desacetyl-a-
MSH and B-MSH were active whereas y,-MSH, containing
the 4-9 sequence with one modification (Gly®), was not. Inter-
estingly, the short sequence MSH/ACTH,,_,; inhibited the
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Figure 2 The effect of --MSH/ACTH-fragments and -analogues on
functional recovery following crush lesion of the rat sciatic nerve. The
functional recovery was measured with the foot reflex withdrawal test
(stimulus range 0.1-0.6mA), and expressed as the mean percentage
recovery. Each peptide-fragment or -analogue, in the dose(s) indicated
in the Figure, was tested in a group of 10 rats and compared with its
own saline-treated control group. The statistical evaluation (ANOVA)
was performed on the raw data of all experimental days, comparing
the peptide treatment values with the saline treatment values (as in
Figure 1). In this diagram for each peptide-treated group (n = 10) the
% recovery on day 17, with the % recovery of their own control
group subtracted from it, is depicted as ‘% recovery above control’.
Significantly enhanced functional recovery following crush lesion of
the rat sciatic nerve is shown for a-MSH 1 ug (F(1, 18) = 5.0,
P <0.05) and 10ug (F(1,18) = 14.5, P < 0.005): [NLeu*,p-Phe’]-a-
MSH 1ug (F(1, 18) = 14.2, P < 0.005); desacetyl-a-MSH 1 ug (F(1,
18) = 13.4, P < 0.005); B-MSH 10ug (F(1, 18) = 4.5, P < 0.05); ORG
2766 1ug (F(1, 18)=46, P <005) and 10ug (F(1, 18)=11.1,
P < 0.005). The fragment MSH,,_,; (doses 1 and 10 ug) inhibited sig-
nificantly the functional recovery following crush lesion, F(1,
18) = 4.5, P < 0.05 and F(1, 18) = 4.9, P < 0.05, respectively. [N,D]-
«-MSH = [N-Leu*p-Phe’}-a-MSH;  [D]-ACTH,_,, = [D-Phe’]-
ACTH,_,,.-

Significance: * P < 0.05; ** P < 0.005.

[D]-ACTH4-10[10

1]

1
ORG 2766I“0

recovery of function, whereas ACTH,_,, was without effect.
The short sequence ACTH¢_o and [D-Phe’]-ACTH,_,, were
both inactive in this test paradigm whereas the ACTH,_, ana-
logue ORG 2766 was active (Figure 2).

Neurotrophic activity of ORG 2766 at different ages:

Male rats of 6-7 weeks, 5, 20 and 34 months were used. Crush
lesioning of the right tibial nerve was performed on all rats at
the same position. Rats of the first three age groups, were
divided at random over two groups one of which was treated
s.c. with ORG 2766 (7.5ugkg ' 0.5ml™! 48h~!) and the
other treated with saline according to the same schedule. The
oldest rats of 34 months of age (n = 7) received no treatment.
As shown in Figure 3, control rats displayed return of sensori-
motor function in an age-dependent manner. The younger the
rat the earlier the return of sensorimotor function. The main
effect of age between the saline group C and group D (oldest
rats) was not significant. However, the interaction between age
and time following surgery reached significance indicating a
slower speed of recovery in group D (see Figure 3). In the
three age groups treated with peptide (A,B,C), the neuro-
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Figure 3 Effect of ORG 2766 administration following crush lesion
of the tibial nerve in rats of different ages. The return of sensorimotor
function following a crush lesion of the tibial nerve was measured
with the foot reflex withdrawal test (stimulus range 0.1-0.6 mA), and
expressed as the average % recovery (+s.e.mean < 20%, not shown).
Rats were treated s.c. with ORG 2766 7.5 ugkg ™! 48 h~! (O) or saline
(@). (@) In 6-7 weeks old ORG 2766-treated rats (n = 17) the func-
tional recovery was significantly enhanced compared to saline-treated
age-matched rats (n = 16), F(1, 31) = 44, P < 0.05. (b) In 5 months
old ORG 2766-treated rats (n = 8) a significantly enhanced functional
recovery was apparent compared to saline-treated rats (n = 8) of the
same age, F(1, 14) = 20.2, P < 0.001. (c) ORG 2766-treated rats of 20
months of age (n = 5) showed a significantly enhanced recovery of
sensorimotor function compared to age-matched saline-treated rats
(n=29), F(1, 12) = 4.7, P < 0.05. In addition, both saline- and ORG
2766 peptide-treated groups showed an age-dependent regeneration
rate; the young adult rats (a) reached 100% recovery earlier than the
mature adults (b), and the latter regenerated faster than the old rats (c)
(P < 0.001). (d) Non-treated rats of 34 months of age (n =7) ().
Comparison between saline group (c) and (d): no main effect; inter-
action between age and time following operation F(4, 56) = 2.7,
P < 0.05. For the statistical evaluation, an analysis of variance for
repeated measurements (ANOVA) was performed using the raw data.

trophic influence of ORG 2766 on the recovery is evident,
shown by a significantly enhanced functional recovery (see
legend Figure 3).

As a consequence of difference in bodyweight the distance
between the distal border of the crush and the position of the
footsole where the return of sensorimotor function was mea-
sured differed per control group. After completion of the
experiments the exact measurements were taken and ranged
from approximately 29 mm (67 weeks) to 32 mm (34 months).

Recovery of function following sciatic nerve crush in
hypophysectomized rats

Five days after hypophysectomy or sham operation, rats were
either subjected to crush lesioning or to sham surgery of the
right sciatic nerve. Subsequently, the return of sensorimotor
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Figure 4 Recovery of function following sciatic nerve crush in
hypophysectomized rats. Five days after hypophysectomy or sham
operation, rats were subjected to sciatic crush lesion or sham lesion.
The return of sensorimotor function was determined with the foot
reflex withdrawal test (stimulus range 0.1-0.6 mA), and depicted as the
mean percentage (%) recovery (+ s.e.mean < 10%, not shown). The
functional recovery following nerve crush in hypophysectomized rats
(O, n = 4) was not different from sham-operated rats (V, n = 4). Both
sham-lesioned hypophysectomized ((J, n = 8) and sham-operated (O,
n = 8) rats showed an intact sensorimotor function (reaction 100%).
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function, as assessed by the foot reflex withdrawal test, was
monitored. All sham operated and hypophysectomized rats
that did not bear a crush lesion in their right sciatic nerve
displayed full sensorimotor function. Furthermore, in hypo-
physectomized rats the recovery period following the sciatic
nerve crush was not different from that observed in sham-
operated, crush-lesioned rats (Figure 4).

Discussion

In the present study, we examined the efficacy of various
putative neurotrophic compounds in a rat model of functional
recovery following peripheral nerve damage. As shown pre-
viously in this model, the pattern of recovery over time is
similar when responsiveness to a given stimulus rather than to
a graded stimulus is measured or when the data are expressed
as % recovery or as stimulus number of animals recovered
(De Koning et al., 1986; Van der Zee et al., 1988). For the
different treatment groups, the age and sex of the rats, the
surgery and the test procedure were the same. However, the
dose, route and schedule of treatment differed per drug and
were identical to reported optimal conditions for the neuro-
trophic activity of the drugs (Hugelin et al., 1979; Gorio et al.,
1983; Faden & Jacobs, 1985; Dekker et al., 1987b; Van der
Zee et al., 1987; 1988). Indeed these optimal conditions
resulted for «-MSH, gangliosides and nimodipine treatment in
a facilitation of recovery of sensorimotor function following a
crush lesion of the sciatic nerve. The precise mechanism of the
neurotrophic action of these compounds is not yet fully
understood. It should be kept in mind that neurotrophic
activity as measured in an in vivo model might result from a
direct neuronal effect or an indirect effect via non-neuronal
elements of the nerve involved in the repair process.

Neurotrophic peptides of the ACTH/MSH family might
exert their neurotrophic action by mimicking an endogenous
signal early in the repair process originating from pro-
opiomelanocortin (POMC) expression in the cell bodies or
from neurofilament breakdown in the distal portion of
damaged axons (for review see Bir et al., 1990). Both melano-
cortins and gangliosides have been shown to improve neurite
outgrowth into the distal nerve portion (Gorio et al., 1983;
Dekker, 1987; 1988), however, the peptides exclusively
increase the number of newly formed sprouts not influencing
their rate of outgrowth (Verhaagen et al., 1987; Gerritsen van
der Hoop et al., 1988). Thus it is unlikely that an effect on
denervation supersensitivity may account for the effect of
melanocortins on peripheral nerve regeneration (see also
Strand et al., 1986). Ganglioside enhancement has been sug-
gested to originate from a beneficial effect of NGF-receptor
efficacy (Gorio et al., 1983; Sebille, 1984; Ledeen, 1985). The
effectiveness of nimodipine may involve fine regulation of
intracellular calcium in outgrowing sprouts (Kater et al,
1988), but very little in fact is known of the neurotrophic
mechanism of this drug. The differences in chemical nature
and presumed mechanisms of action suggest that the
enhanced recovery of function is the result of drug effects at
different levels of the repair process. It should be realized that
all three drugs affect development and maturation in tissue
culture (see Introduction). The data therefore underscore the
following notions: (i) the in vivo test system as used here is a
useful tool in the study of different putative neurotrophic
agents; (ii) it is likely that various endogenous factors (at dif-
ferent times following surgery) affecting different steps in the
repair process govern the recovery process; (iii) optimal
recovery may be obtained by a therapy based on the com-
bination of various neurotrophic agents (see also Varon,
1985). Development of new effective pharmacotherapy of per-
ipheral nerve damage should take into account the conse-
quences of these latter two notions.

The fact that isaxonine, although reported by some to be
active in both development and repair of neurones (Hugelin et
al., 1977; 1979; Legrain, 1977; Sebille & Hugelin, 1982), was

inactive in the present test study is in line with the poor
results obtained with this compound by others (LeQuesne et
al., 1985). Although Faden & Jacobs (1985) reported that
TRH improved functional neurological recovery after experi-
mental spinal trauma in cats, we found no effect of TRH treat-
ment on functional recovery after sciatic crush lesion.

The structure-activity studies with various peptides revealed
some interesting new insight in the neurotrophic properties of
melanocortins (ACTH/MSH-like peptides). Clearly, the
structure-activity relationship of this phenomenon differs from
that observed for other ACTH/MSH nervous system inter-
actions (De Wied & Jolles, 1982; Gispen & De Wied, 1984),
notably also from that observed in studies on vestibular com-
pensation in frogs (Liineburg & Flohr, 1988) and on recovery
of function following brain damage in rats (Wolterink & Van
Ree, 1990). Previously it was concluded that the melano-

- trophic features of these peptides were most probably

responsible for their effect on peripheral nerve regeneration
(Bijlsma et al., 1983). Although N-acetylation is of crucial
importance to various biological activities of a-MSH (Gispen
et al., 1975; O’Donohue et al., 1981; Spruijt et al., 1985), the
equal effectiveness of a-MSH and desacetyl-«-MSH in facili-
tating recovery following peripheral nerve damage indicates
no importance of N-acetylation to the neurotrophic property
of the peptide (this study, Dekker, 1987). In fact, the data
obtained with other fragments suggest that the neurotrophic
activity is brought about by a mechanism different from that
of the classical melanotrophic activity. For, the potentiated
MSH peptide [N-Leu*,p-Phe’]-a-MSH, extremely potent in
the melanophore assay (Sawyer et al., 1980) and in the exces-
sive grooming test (Spruijt et al., 1985), is as effective as the
parent molecule a-MSH in enhancing peripheral nerve regen-
eration. f-MSH containing the same 4-10 sequence is also
active, but y,-MSH with one substitution (Gly®) in the 4-9
sequence is inactive. This latter peptide was also inactive in
facilitating functional recovery in rats with bilateral parafasci-
cular lesions (Nyakas et al., 1985) and in vestibular com-
pensation rate after labyrinthectomy in frogs (Liineburg &
Flohr, 1988). The sequence (11-13) which is known to rep-
resent a dormant information site additional to the region
(4-10) (Eberle & Schwyzer, 1975; Schwyzer, 1980; Eberle et
al., 1985), was shown to inhibit rather than to stimulate the
recovery of function following peripheral nerve damage
(Figure 2). To our knowlege the only other reported inhibition
by neuropeptides is the observation by the group of Strand
which demonstrated that the deleterious changes in neuro-
muscular function (muscle action potential and muscle
contraction) in hypophysectomized rats were exacerbated by
high doses of ACTH,_,,, although low doses had the
opposite effect (Gonzalez & Strand, 1981); subsequently they
observed in 14-day-old peptide-treated rats, that high but not
low doses of ORG 2766 lead to impoverished rather than
enriched nerve terminal branching during maturation of the
motor endplates (Frischer & Strand, 1988). Finally, the
ACTH4-9 analogue, ORG 2766, originally developed to
diminish melanotrophic activity and to be more stable than
the parent sequence (Greven & De Wied, 1973), was as active
as a-MSH. Thus at present it remains uncertain what the
precise localization of the neurotrophic activity is, although
the region 4-10 is critical. As observed previously (Bijlsma et
al., 1983), changes in the region 4-10, the ultimate message
region for the biological activity of ACTH/MSH (Schwyzer,
1980; Eberle et al., 1985) often affect the neurotrophic activity
of these peptides. Thus y,-MSH, ACTH¢_,, ACTH,_,¢ and
[D-Phe’]- ACTH,_,, with an incomplete or modified 4-10
sequence are ineffective, whereas in contrast ACTH4_,, and
the modified 4-9 analogue ORG 2766 are effective (see also
Bijlsma et al., 1982; De Koning et al., 1986; Dekker, 1987;
Van der Zee et al., 1988).

In attempting to understand why exogenous administered
fragments or analogues of endogenous circulating peptide
hormones facilitate the repair of damaged peripheral nerve,
the question arises whether these fragments mimic peptides
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secreted by the pituitary. For, it is well established that
hypophysectomy leads to a severe interference of macro-
molecule metabolism including a dramatic drop in RNA and
protein synthesis in rat brain stem and spinal cord (Gispen et
al, 1970; Dunn & Schotman, 1986), which can be counter-
acted by supplementing ACTH-like peptides (Dunn & Schot-
man, 1986). Kanje et al. (1988) showed that peripheral nerve
regeneration, as evaluated by the ‘pinch-test’, was slightly
impaired in hypophysectomized rats. However, the present
experiment clearly shows that after five days of hypophysec-
tomy, when there is no pituitary source from which these pep-
tides might reach the damaged nerve or spinal cord, the
recovery period from nerve damage is similar to that seen in
sham-operated rats. These data suggest that pituitary born
peptides are of less importance to the repair process than
those presumably found in the damaged nerve itself (Edwards
et al., 1984). As noted by others (Black & Lasek, 1979; Pes-
tronk et al., 1980), regeneration speed is dependent on the age
of the subject. Indeed the present study confirms and extends
this notion. The recovery period for a given lesion in old rats
is longer than that in young rats. Comparing the oldest rats
(34 months) to those of 20 months of age, the significance
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Evidence that an L-arginine/nitric oxide dependent elevation
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1 The aim of this investigation was to study the relationship between contractile responsiveness, activa-
tion of the L-arginine pathway and tissue levels of guanosine 3’ : 5'-cyclic monophosphate (cylic GMP) in
aortic rings removed from rats 4 h after intraperitoneal administration of bacterial endotoxin (E.coli. lipo-
polysaccharide, LPS, 20mgkg™?).

2 LPS-treatment resulted in a reduction of the sensitivity and maximal contractile response to nor-
adrenaline (NA).

3 Depression of the maximal contractile response was restored to control by 6-anilo-5,8-quinolinedione
(LY 83583, 10 um), which prevents activation of soluble guanylate cyclase.

4 Cyclic GMP levels in tissue from LPS-treated rats were 2 fold greater than cyclic GMP levels detected
in tissue from control (saline-treated) rats. The LPS-induced increase in cyclic GMP content was observed
both in the presence and absence of functional endothelium.

S Addition of L-arginine (1 mM) to maximally contracted aortic rings produced significant relaxation of
rings from LPS-treated rats but not rings from control animals. In the LPS-treated group, addition of
L-arginine was also associated with a significant increase in cyclic GMP content. L-Arginine had no effect
on the cyclic GMP content of control rings. D-Arginine (1 mM) was without effect.

6 In rings from LPS-treated rats, N®-nitro-L-arginine methyl ester (L-NAME, 300 uM), an inhibitor of
nitric oxide (NO) production, increased the contractile response to NA and prevented the LPS-induced
increase in cyclic GMP content. In control rings, L-NAME increased the NA sensitivity only when the
endothelium remained intact and reduced the cyclic GMP content of these rings to that of control
endothelium-denuded rings.

7 These results demonstrate that LPS-induced hyporeactivity to NA occurs secondarily to activation of
the L-arginine pathway and subsequent activation of soluble guanylate cyclase in vascular tissue. In addi-
tion they suggest that LPS induces the production of an NO-like relaxing factor in non-endothelial cells.

Keywords: Nitric oxide; cyclic GMP; N-nitro-L-arginine methyl ester (L-NAME); endotoxin (LPS); isolated arteries

Introduction

Administration of E.coli lipopolysaccharide (LPS) to rats
causes hyporesponsiveness to several contractile agents such
as noradrenaline (NA), vasopressin and angiotensin II (Fink et
al., 1985; Schaller et al., 1985; Wakabayashi et al., 1987) which
persists ex vivo in tissue removed from rats treated with LPS.

Recently an important role in determining vascular function
and reactivity has been attributed to nitric oxide (NO) formed
in endothelial cells by oxidation of the amino acid L-arginine
(Palmer et al., 1988a). Modification of vascular reactivity by
endothelium-derived NO is based on an increase in the gua-
nosine 3': 5'-cyclic monophosphate (cyclic GMP) content of
smooth muscle (Holzmann, 1982; Rapoport & Murad, 1983)
produced by direct stimulation of soluble guanylate cyclase
(Arnold et al., 1977; Ignarro et al., 1986). The exact mecha-
nisms by which cyclic GMP evokes smooth muscle relaxation
are not entirely clear but increased smooth muscle cyclic
GMP content is associated with reduced intracellular calcium
levels (Kai et al., 1987) and dephosphorylation of myosin light
chain kinase (Draznin et al., 1986).

Recent results from our laboratory have suggested that
LPS-induced vascular hyporeactivity results from activation
of an L-arginine-dependent pathway producing NO or an
NO-like relaxing factor in non-endothelial cells (Fleming et
al., 1990a; Julou-Schaeffer et al., 1990). The present study
further investigates this hypothesis by the use of L-arginine, a

! Author for correspondence.

substrate for the production of NO (Palmer et al., 1988a), and
NC-nitro-L-arginine methyl ester (L-NAME), an inhibitor of
NO synthesis (Hobbs & Gibson, 1990). The effects of these
substances on contractile responsiveness to NA and tissue
cyclic GMP content were compared in parallel. In addition
NO-induced activation of soluble guanylate cyclase was pre-
vented with 6-anilo-5,8-quinolinedione (LY 83583, Mulsch et
al., 1988).

A preliminary account of these results has been presented to
the International Congress of Pharmacology (Fleming et al.,
1990b).

Methods

Preparation of tissue

Male Wistar rats (12 to 15 weeks, 250-300g) were injected
intraperitoneally with either LPS (20mgkg~' in 0.15ml
100g ™! saline) or saline. After 4 h the rats were killed by stun-
ning and cervical dislocation. Thoracic aortae were removed,
cleared of adherent connective tissue and cut into rings of
approximately 2mm in length for contractile studies or
divided into five large rings, four of which were used for deter-
mination of cyclic GMP. In the latter case, 2mm rings cut
from the remaining aortic segment were also used to assess
contractile responsiveness to NA and the role of the L-
arginine pathway. In some rings the vascular endothelium was
mechanically removed by rubbing gently with blunt forceps.
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Contraction studies

Rings were mounted, under 2g tension, in organ baths con-
taining physiological salt solution (PSS) of the following com-
position (mM): NaCl 1184, KCl 4.7, MgSO, 1.2, CaCl, 1.3,
KH,PO, 1.2, NaHCO; 25.0 and glucose 11.7, at 37°C and
bubbled with 95% O,: 5% CO, (pH 7.4). All experiments
were carried out in the presence of indomethacin (10 um).
Developed tension was measured with an isometric force
transducer (Celaster, Celle ’Evescault, Lusignan, France) and
visualized by computer. After an equilibration period of
90 min, during which time the PSS was changed at 15min
intervals, the basal tension was re-adjusted to 2g. The pre-
sence of functional endothelium was verified by addition of
acetylcholine (ACh, 1uM) in arteries precontracted with nor-
adrenaline (NA, 1 um). The ability of ACh to induce relaxation
of unrubbed rings was taken as an indication of the presence
of functional endothelium. The use of this criterion has pre-
viously been verified in tissues precontracted with submaximal
concentrations of NA (Julou-Schaeffer et al., 1990). After a
washing period of 60min contractile responses were moni-
tored during the stepwise cumulative addition of NA (1nM to
10 uM). To investigate the effect of NO-induced stimulation of
soluble guanylate cyclase, LY 83583 (10 uM) or solvent was
added to tissues 3 to 5min after a stable maximum response
to NA was obtained and the contractile response monitored
over a further 15min. To study the effect of inhibition of NO
synthesis from L-arginine, tissues were incubated with either
L-NAME (300uM) or its solvent (water, 100ul) for 10min
prior to the cumulative addition of NA. When the stable
maximum response was obtained, either L- or D-arginine
(1 mm) or solvent (water, 100 ul) was added to each bath. Rings
were removed, blotted dry, placed in a dessicator overnight
and then weighed. Results are expressed as tension developed
(g) per mg dried tissue.

Determination of tissue cyclic GMP content

Aortic segments were incubated in PSS at 37°C and oxygen-
ated with a gas mixture of 95% O, and 5% CO,. After a
90min period during which the PSS was changed at 15min
intervals the tissues were either rapidly frozen in an alu-
minium clamp pre-cooled in liquid nitrogen (non-stimulated)
or treated as described for contractile studies and frozen fol-
lowing cumulative addition of NA (NA-stimulated). Aortic
segments were thawed in 400ul of perchloric acid (IN),
homogenized with a Potter glass/glass homogenizer for 30s
followed by sonication (Ultrason-Annemasse, Type 75TS,
France) for 15s. Following centrifugation at 10,000g for
5min, cyclic GMP content of the supernatant was determined
by radioimmunoassay (Immunotech S.A.). DNA content was
measured as described previously (Brunk et al., 1976). Cyclic
GMP content was expressed as fmol ug~! DNA.

Since the cyclic GMP content of control, endothelium-
intact, tissues varied substantially between experiments, each
experiment was performed with its own internal controls.

Drugs

Noradrenaline bitartrate (Sigma), was stored as a 1 uM stock
solution in buffer containing Na,SO; 7.9 mm and HC] 34 mm
and diluted as required. Acetylcholine chloride (Sigma), was
stored as a 10mM stock solution in NaH,PO, buffer (pH 4)
and diluted as required. All other substances were freshly pre-
pared prior to each experiment. NC-nitro-L-arginine methyl
ester (L-NAME, Sigma), L-arginine hydrochloride
(Calbiochem) and D-arginine hydrochloride (Sigma) were dis-
solved in deionised water, 6-anilo-5,8-quinolinedione (LY
83583, Lilly) was prepared as a 10mM solution in dimethyl-
sulphoxide (DMSO) and diluted in water, indomethacin
(Sigma) was dissolved in 4% NaHCO, solution and LPS
(E.coli 055 : BS, Difco) was dissolved in saline (0.9% NaCl).

Parameters and statistical analysis

The concentrations of agonist causing half-maximal contrac-
tion (EC,,) were calculated by logit-log regression and are
expressed as pD, values (—log ECs,). pD, values, maximal
contractile responses and changes in tension induced by L- or
D-arginine (expressed as a percentage of the maximal contrac-
tile response to NA) were compared by Student’s ¢ test for
unpaired data. Statistical comparisons of cyclic GMP content
were made by analysis of variance (ANOVA). If significant
differences were detected by ANOVA, individual means were
compared with an a posteriori Student-Newman-Keuls test. P
values of less than 0.05 were considered significant. Results are
expressed throughout as the mean + standard error of the
mean (s.e.mean) from n experiments.

Results

Effect of LPS-treatment on aortic ring contractility

Compared with the response of tissues from control animals,
LPS-treatment induced a rightward shift of the concentration-
response curve to NA represented by a decrease in the pD,
values (Table 1). LPS-treatment also induced a reduction of
the maximal contractile response (by approximately 35%,
P < 0.05). In rings from control rats, contractile responsive-
ness was modified by the presence of functional endothelium
(Table 1). In contrast, contractile responsiveness in rings from
LPS-treated rats was not altered by removal of the endothe-
lium (Table 1). This is in agreement with results obtained pre-
viously (Julou-Schaeffer et al., 1990).

Effect of 6-anilo-5,8-quinolinedione

LY 83583 (10 um), which destroys NO and prevents activation
of soluble guanylate cylase (Mulsch et al., 1988), caused a sig-
nificant increase in recorded tension of rings from control
animals only when the endothelium remained intact (the
maximum contractile response being 3.71 1+ 0.44 before and
4.48 + 0.30gmg ! tension, NS, after LY 83583 in the absence
of endothelium and 3.07 + 0.39 before and 4.42 + 0.30gmg™*
tension, P < 0.05, after LY 83583 in the presence of endothe-
lium, Figure 1).

In aortic rings from rats given LPS, LY 83583 increased the
contractile response to NA towards that of control tissues
both in the absence and presence of endothelium (the

Table 1 Effects of E.coli lipopolysaccharide (LPS)-treatment
and NC-nitro-L-arginine methyl ester (L-NAME) on contrac-
tile responses to noradrenaline

Maximum contractile
response

Treatment (gmg! dried tissue) pD,
Control +E  Solvent 3.20 + 0.28 7.34 + 0.16
Control —E  Solvent 2.79 + 0.18 8.04 1+ 0.08*
Control +E L-NAME 4.07 + 04311 8.19 + 0.111+
Control —E L-NAME 3.44 + 0.52 8.62 + 0.17
LPS-treated +E  Solvent 2.05 + 0.30t 6.85 + 0.16t
LPS-treated —E  Solvent 2.24 + 0.2111 7.20 + 0.16%1
LPS-treated +E L-NAME 4.45 4+ 045 7.89 £ 0.13
LPS-treated —E L-NAME 449 + 045 8.27 + 0.13

Representation of maximal contractile responses and pD,
values obtained to noradrenaline (1nM to 10uM) in aortic
rings with (+ E) and without (— E) endothelium, from control
and LPS-treated rats, in the presence or absence of L-NAME
(300 uM). Results are presented as mean + s.e.mean, n = 9-12.
* Indicates a significant difference from the absence of endo-
thelium (P < 0.05). t Indicates a significant difference from
respective control (saline-treated) groups not treated with
LPS or L-NAME: 1P < 0.05; 1P < 0.01.
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Figure 1 Histogram depicting the effect of 6-anilo-5,8-quinoline-
dione (10 uM, hatched columns) in aortic rings, with and without
endothelium, from control (open columns) and E.coli lipopolysaccha-
ride (LPS) treated rats (solid columns) maximally contracted with nor-
adrenaline (10 uM). Results are presented as mean of n =9, vertical
lines show s.e.mean. Significant difference between groups: *P < 0.05;
**P < 0.01; NS, not significant.

maximum contractile response being increased from
1.51 £ 0.20 to 4.12 + 0.29gmg ™! tension, P < 0.0001, in the
presence of endothelium and from 204 +0.37 to
3.36 +£ 0.21 gmg ™! tension, P < 0.005, in the absence of endo-
thelium, Figure 1).

Similar results were obtained when activation of soluble
guanylate cyclase was inhibited with methylene blue (Fleming
et al., 1990a; Julou-Schaeffer et al., 1990).

Effect of LPS-treatment on cyclic GMP content

Administration of LPS to rats was associated with a 2 fold
(P < 0.005) increase in the cyclic GMP content of endothe-
lium intact, NA-stimulated aortic tissue (Figure 2). In control
tissues the level of cyclic GMP was modified by the presence
of endothelium, detected levels of cyclic GMP being 9 fold
greater (P < 0.001) in the presence compared with the absence
of endothelium. In contrast, removal of the endothelium in
rings from LPS-treated rats did not significantly alter cyclic
GMP content (Figure 2).

Contraction studies on the fifth segment of aortae in which
cyclic GMP was determined, verified that LPS-treatment
resulted in a decrease in the maximal contractile response to
NA, maximal contractile responses being, 2.97 + 0.31 gmg ™!
tension in control and 1.49 + 0.23gmg~! tension in the LPS-
treated group in the presence of endothelium (n = 4-5) and
3.81 + 0.27gmg"! tension in control and 1.76 + 0.17 gmg~*
tension in the LPS-treated group in the absence of functional
endothelium (n = 4-5).

LPS-treatment produced similar results in aortic rings in
the absence of any stimulation by NA (not shown).

Role of the L-arginine pathway

Effect of L- and D-arginine In NA-stimulated tissues from
control and LPS-treated rats, neither the presence of solvent
nor D-arginine had any significant effect on the contractile
response (Figure 3) or tissue levels of cyclic GMP (Figure 4).
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Figure 2 Histogram showing the cyclic GMP content in aortic rings
maximally contracted with noradrenaline (10 uM), from control and
E.coli lipopolysaccharide (LPS)-treated rats, in the presence (open
columns) and absence (solid columns) of functional endothelium.
Results are presented as mean of n = 6; vertical lines show s.e.mean.

Addition of L-arginine did not cause relaxation or increase
cyclic GMP levels in control tissue. However, in rings from
LPS-treated rats, L-arginine produced significant relaxation
(72 £ 7%, P < 0.005 in the presence and 72 + 10%, P < 0.005
in the absence of endothelium, Figure 3) and caused a 5 to 6

PS-treated

g tension mg~" dried tissue

|

—_OOEG:TGT
Q\\\Q\\\\ DN N

Control LPS-treated
Figure 3 Comparative effects of solvent (hatched columns), D-
arginine (1 mM, crosshatched columns) and L-arginine (1 mM, solid
columns) on the contractile response of aortic rings from control and
E.coli polysaccharide (LPS)-treated rats maximally contracted with
noradrenaline (10 uM, open columns) (a) in the presence and (b) in the
absence of endothelium. Results are presented as mean of n = 6; verti-
cal lines show se.mean. Significant difference between groups:
***P < 0.005; NS, not significant.
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Figure 4 Histogram depicting the cyclic GMP content in aortic
rings, (a) with and (b) without endothelium, from control and E.coli
lipopolysaccharide (LPS)-treated rats maximally contracted with nor-
adrenaline (10 4M) in the presence of either solvent (hatched columns),
p-arginine (1 mM, crosshatched columns) or L-arginine (1 mM, solid
columns). Results are presented as mean of n = 6; vertical lines show
s.e.mean.

fold increase (P < 0.005) in the cyclic GMP content (from
334 + 8.9 and 26.0 + 8.2fmol ug~! DNA to 201.5 + 41.0 and
141.2 + 17.6fmol ug~! DNA in the presence and absence of
endothelium respectively, Figure 4).

Effect of L-NAME Inhibition of NO production with
L-NAME increased the NA-sensitivity and maximum contrac-
tion of aortic rings from control animals only when the endo-
thelium remained intact (Table 1). This is consistent with a
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1 . | —

< Contro! Control
< 0 —
O 150
|
=)
=
o
= 1001
(G}
L
©
>
L 50+
[9)
£
=

0_.

e
With endothelium Without endothelium

Figure 5 Histogram depicting the cyclic GMP content in aortic
rings, with and without endothelium, from control and E.coli lipo-
polysaccharide (LPS)-treated rats maximally contracted with nor-
adrenaline (10 uM) in the presence (solid columns) and absence (open
columns) of NC-nitro-L-arginine methyl ester (300 u4M). Results are pre-
sented as mean of n = 5; vertical lines show s.e.mean.

basal production of NO by endothelial cells. In the presence
of L-NAME, addition of either L- or D-arginine (1 mm) to
arteries maximally contracted with NA was without signifi-
cant effect on contractile tension (not shown). In control
tissues L-NAME (300 uM, Figure 5) reduced the cyclic GMP
content of endothelium intact rings to that of endothelium-
denuded rings (from 26.4 + 9.65fmolug™' DNA to
3.28 + 0.12fmol ug~ ' DNA, P < 0.001).

In tissues from LPS-treated rats, L-NAME (300 uM, Table 1)
restored NA-sensitivity and maximal contractile responses to
control levels. Addition of L-arginine (1 mM) in the presence of
L-NAME induced a relaxation in tissues maximally con-
tracted with NA (by 46 + 7% in the presence and 60 + 10%
in the absence of endothelium respectively, P < 0.01). D-
Arginine failed to produce any relaxation (not shown).
L-NAME also abolished LPS-induced increases in cyclic
GMP content (cyclic GMP content being reduced from
136.6 + 27.5 and 109.4 + 28.2fmolug~! DNA to 3.51 + 0.67
and 5.23 + 0.73fmol ug~! DNA, in the presence and absence
of endothelium, respectively, P < 0.001, Figure 5).

Discussion

The present study demonstrates a reduced responsiveness to
NA in aortic rings removed from LPS-treated rats. This is in
agreement with previously published results (Wakabayashi et
al., 1987; Bigaud et al., 1990).

Modification of vascular reactivity by endothelium-derived
NO is based on an increase in the cyclic GMP content of
smooth muscle (Rapoport & Murad, 1983) produced by direct
stimulation of soluble guanylate cyclase (Arnold et al., 1977;
Ignarro et al., 1986; Mulsch et al., 1987). In the present study
LY 83583, which at the concentration used has been reported
to destroy NO and inhibit soluble guanylate cyclase (Mulsch
et al., 1988; 1989a), increased contractile tension in aortic
tissue from control rats only when the endothelium remained
intact. This result is consistent with activation of soluble gua-
nylate cyclase by NO basally released from the endothelium.
In contrast, in aortic rings from LPS-treated rats, restoration
of contractile responsiveness by LY 83583 was independent of
the presence of functional endothelium. The hypothesis that
soluble guanylate cyclase was activated following adminis-
tration of LPS is supported by direct measurement of tissue
cyclic GMP content. In endothelium-intact aortic rings from
LPS-treated rats the cyclic GMP content was 2 fold greater
than that of control rings.

In both non-stimulated and NA-stimulated rings from con-
trol rats, the presence of a functional endothelium was associ-
ated with a 4 to 5 fold difference in tissue cyclic GMP content.
In contrast, the cyclic GMP content of tissue from LPS-
treated rats was elevated to comparable levels in both the pre-
sence and absence of endothelium. Taken together, the cyclic
GMP measurements and results obtained with LY 83583 indi-
cate that, activation of soluble guanylate cyclase by a sub-
stance of non-endothelial origin precedes induction of
vascular hyporeactivity by LPS.

In accordance with the results presented here, McKenna
(1988) reported that inhibition of endogenous cyclic GMP
production by methylene blue improved responses of aortae
from septic rats to both NA and KCl. However, an elevated
vascular content of cyclic GMP was not associated with this
observation. The reasons for this contradictory finding are not
clear but may reflect a difference between models of endotoxic
and septic shock.

Since NO is known to activate soluble guanylate cyclase in
smooth muscle (Arnold et al., 1977) the role of the oxidative
L-arginine/NO pathway in induction of the LPS-induced
hyporeactivity and elevation of cyclic GMP was investigated.
L-Arginine, substrate for the production of NO (Palmer et al.,
1988a), induced relaxation and a 5 to 6 fold increase of cyclic
GMP in rings from LPS-treated but not control animals. The
stereospecific nature of the pathway was demonstrated by the



lack of response to D-arginine. These observations indicate
that LPS-treatment induces activation of the L-arginine
pathway in vascular tissue. Continued activation of this
pathway in vascular tissue ex vivo would result in depletion of
endogenous substrate and account for the relaxation and ele-
vated cyclic GMP observed upon exogenous addition of L-
arginine. L-NAME, an inhibitor of NO biosynthesis, produced
effects on control tissue that are consistent with basal pro-
duction of NO by the endothelium and restored the contrac-
tile responsiveness of LPS-treated rings to control. The effect
of L-NAME was reversed by L- but not D-arginine. Res-
toration of vascular responsiveness was concomitant with a
reduction of cyclic GMP to a level comparable with that of
endothelium-denuded control tissue. Thus the restoration of
vascular reactivity in tissue from LPS-treated animals pro-
duced by inhibition of the L-arginine pathway, was associated
with a decrease in the cyclic GMP content.

The L-arginine pathway exhibits a stereospecific requirement
for L-arginine (Palmer et al., 1988b; Sakuma et al., 1988), is
inhibited by L-arginine analogues such as N®-monomethyl-L-
arginine (Rees et al., 1989) or L-NAME (Hobbs & Gibson,
1990) and usually acts as a transduction mechanism for stimu-
lation of soluble guanylate cyclase (Ignarro et al, 1986;
Mulsch et al., 1987; Moncada et al., 1989). Using these criteria
the presence of the L-arginine pathway has been demonstrated
in a number of tissues that may be activated by LPS namely,
mast cells (Salvemini et al., 1990a), platelets (Radomski et al.,
1990), neutrophils (Rimele et al., 1988), macrophages (Hibbs et
al., 1988; Marletta et al., 1988; Stuehr et al., 1989) and vascu-
lar endothelium (Mulsch et al., 1989b; Mayer et al., 1989; Sal-
vemini et al., 1989; 1990b). Within vascular tissue removed
from LPS-treated rats the cellular source of NO is unlikely to
be the endothelium since the L-arginine-dependent NO
producing pathway was activated in endothelium-denuded
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P, purinoceptor regulation of mucin release by airway goblet

cells in primary culture
K. Chul Kim & Bong C. Lee

Department of Pharmacology and Toxicology, School of Pharmacy, University of Maryland at Baltimore, 20 North Pine Street,

Baltimore, MD 21201, U.S.A.

1 The effects of adenine analogues on mucin release by airway goblet cells have been examined in a

hamster primary tracheal epithelial cell culture.

2 Adenosine, a P, receptor agonist, had no effect on mucin release even at 2 mm, while ATP, a P,
receptor agonist, stimulated mucin release in a dose-dependent fashion with an apparent ECs, of 20 uM.
The relative potency order among adenine nucleotides was ATP > ADP > AMP = adenosine.

3 ATP,S, a non-hydrolyzable analogue of ATP, was equipotent with ATP in stimulating mucin release.
The potency order among some ATP analogues was ATP > 2-methylthio ATP > «,8-methylene
ATP > f,y-methylene ATP. Reactive blue 2, a putative P,,-purinoceptor antagonist, did not block the

ATP-induced mucin release.

4 The present results indicate that mucin release by airway goblet cells is stimulated by extracellular
ATP via P, receptor-mediated mechanism. We suggest that this mechanism may be important in the
physiological regulation of airway goblet cell mucin release in vivo.

Keywords: P,-purinoceptor; airway goblet cells; mucin release

Introduction

Mucus lining the airway luminal surface plays an important
role in host defence against airborne particles and chemicals.
The protective function of mucus is due mainly to the physi-
cochemical properties of constituent mucous glycoproteins
(mucins). Abnormalities in either the quality or the quantity of
airway mucins not only affects removal of respired particles
and bacteria, but may also impair host defences leading to
further pathology.

In man, airway mucins are derived from two different cell
types; globlet cells of the surface epithelium and mucous cells
of the submucosal gland. Although much is known about the
regulation of airway mucin secretion by submucosal glands,
very little is known about goblet cell mucin regulation.
Release of airway goblet cell mucins can be stimulated by two
classes of agents: (a) inhaled chemical ‘irritants’ such as
sulphur dioxide (Spicer et al, 1974), ammonia vapour
(Gallagher et al., 1986), and tobacco smoke (Jones et al., 1973)
and (b) various kinds of proteases released during airway
inflammation (Klinger et al., 1984; Adler et al., 1986; Niles et
al., 1986; Kim et al., 1987). These agents are not present in
normal airways.

Recently, we have characterized a primary cell culture
system derived from hamster tracheal surface epithelium
(HTSE) (Kim et al., 1985; Wasano et al., 1988; Kim et al.,
1989b). Confluent cultures of HTSE cells become highly
enriched (>90%) with secretory cells, resembling goblet cells
in their morphology, and synthesize and secrete mucin-like
glycoproteins (MLGP). Judged by their carbohydrate struc-
ture, these MLGP are indistinguishable from in vivo mucins.
Use of tracheal surface epithelial cell cultures as an in vitro
model for studying the regulation of goblet cell mucin release
has recently been reviewed (Kim & Brody, 1989). Using this
primary cell culture system, our laboratory has tested a
number of agents for their possible effects on mucin release
from airway goblet cells. We have identified four different con-
ditions under which mucin release is stimulated; increases or
decreases of pH of the cell culture medium (Kim et al., 1989a),
neutrophil proteases (Kim et al., 1987; 1989a), hypo-
osmolarity (Kim et al., 1989a), and retraction of collagen gels
on which secretory cells are maintained (Kim & Brody, 1987).
Both the pH change and the presence of proteases in the

! Author for correspondence.

airway luminal fluids are conditions which can be caused by
inhalation of ‘irritant gases’ and during airway inflammation,
respectively, and have been shown to stimulate release of
goblet cell mucins in vivo. However, no endogenous agents
which can influence mucin release from primary TSE cell cul-
tures have been identified yet.

In this paper, we show that mucin release from cultured
airway goblet cells can be stimulated by ATP via a P,
receptor-mediated mechanism. These observations provide for
the first time a secretory control mechanism for airway goblet
cell mucins that could be physiological in nature and prob-
ably involves a cell surface receptor.

Methods

Hamster primary tracheal surface epithelial (HTSE) cell
culture

Tracheae were obtained from male golden syrian hamsters
eight to ten weeks of age (Harlan Sprague Dawley, Indiana-
polis, Indiana, U.S.A.). HTSE cells were harvested and cul-
tured as previously described (Kim et al., 1989a). Dissociated
cells were plated on a thick collagen gel prepared inside 24
well tissue culture dishes (Falcon) as previously described
(Kim et al., 1989a).

Metabolic labelling of mucins and treatment of cultures

Mucins were metabolically radiolabelled by incubating con-
fluent cultures (24 well plates) with 0.2 ml/well of the complete
growth medium containing 10 4C ml~! of [*H]-glucosamine
for 24 h, and at the end of the labelling period the spent media
(the pretreatment or pulsed sample) was collected. After col-
lecting the spent media, the cultures were washed twice with
Dulbecco’s phosphate buffered saline without Ca%* and
Mg?* (PBS) in order to remove both remaining radioactive
materials and serum components. The washed cultures were
then chased for 30min in PBS containing test materials in
appropriate concentrations, and the chased media (the treat-
ment sample) collected. In the case of reactive blue 2, the drug
was added 10min prior to the 20min treatment with ATP.
Both pretreatment and treatment samples were centrifuged to
remove floating cells and stored at —60°C until assayed for
their 3H-mucin content.
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Quantitation of >H-mucins

High molecular weight glycoconjugates excluded from Sep-
harose CL-4B (Pharmacia) and resistant to proteoglycan-
digesting enzymes were defined as mucins (Kim et al., 1985).
Details of the mucin assay have previously been described
(Kim et al., 1987). ‘Mucin release’ from each dish during treat-
ment was expressed as a ratio of the amount of 3H-mucin
released during the treatment period to the amount of 3H-
mucin released during the pretreatment period in order to
compensate for variations in basal release rate among dishes.

Detection of cell membrane damage

The presence or absence of cytoplasmic leak due to cell mem-
brane damage following treatments was identified by measur-
ing lactic acid dehydrogenase (LDH) in the culture medium
with a commercial LDH assay kit (Sigma) as previously
described (Kim et al., 1989a). Thus, the term ‘cell membrane
damage’ throughout the text refers to cytoplasmic leak due to
cell membrane damage. Briefly, the spent medium was col-
lected, centrifuged, and a 50ul aliquot of the supernatant
immediately added to the reaction mixture. At the end of the
reaction, OD;,, of each sample was read in a spectrophotom-
eter. For a positive control, LDH from Leuconostoc mesen-
teroidas (Sigma) was used; the presence of 0.1 u of the enzyme
in 50 ul of the medium resulted in a decrease of ODq, by 0.2.

Materials

The sources of chemicals used were as follows: D-[6-*H]-glu-
cosamine HCl (39.2Cimmol~!; New England Nuclear,
Boston, MA, U.S.A.); adenosine, adenosine 5'-monophosphate
(AMP), adenosine 5'-diphosphate (ADP), adenosine 5'-
triphosphate (ATP), o,f-methylene ATP, f,y-methylene ATP,
ATP,S, and reactive blue 2 (60% pure) from Sigma Chemical
Co. (St. Louis, MO, U.S.A.); 2-methylthio ATP from Research
Biochemicals Inc. (Natick, MA, U.S.A).

Statistics

Means of ‘mucin release’ values of each group were converted
to percentage of the control and expressed as mean values
+s.e. The difference between groups was assessed by Student’s
t test for unpaired samples. P > 0.05 was considered as not
significantly different.
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Figure 1 Effect of ATP, ADP, AMP and adenosine on *H-mucin
release in hamster tracheal epithelial cell culture. Confluent cultures
(16 mm) were pulsed with [*H]-glucosamine for 24h and chased for
30min in the presence of the adenine analogues: ATP (QO), ADP (@),
AMP (), and adenosine (). Data represent means of four culture
dishes with s.e. shown by vertical bars.

250 -

200 - -L

Release (% control)

100 |-

80
0

20 200
ATP [um]

Figure 2 Effect of ATP,S on 3H-mucin release in hamster tracheal
epithelial cell culture. Confluent cultures (16 mm) were pulsed with
[*H]-glucosamine for 24h and chased for 30 min in the presence of
ATP (open columns) or ATP,S (hatched columns). Data represent
means of four culture dishes; s.e. shown by vertical bars. There were
no significant (P > 0.05) differences between ATP- and ATP, S-treated
groups.

Results

Effect of adenine nucleotides on mucin release

ATP caused a concentration-dependent increase of mucin
release with an apparent EC,, of 20 um (Figure 1), whereas
neither adenosine nor AMP influenced the rate of mucin
release even at 2mM concentration. Mucin release was stimu-
lated also by ADP in a dose-dependent fashion; 28% by 20 um
and 78% by 200 uM. Thus, the mucin-releasing potency among
these adenine nucleotides was in the order of
ATP > ADP > AMP = adenosine (Figure 1). ATP,S, a non-
hydrolyzable analogue of ATP, was equipotent with ATP
(Figure 2). Other ATP analogues tested also showed mucin
releasing effects and their potency order was; ATP > 2-
methylthio ATP > a,f-methylene ATP > §,y-methylene ATP
(Figure 3). No detectable cytotoxicity was observed with 2 mm
ATP based on LDH release (Table 1).

Effects of reactive blue 2 and Mg** on AT P-induced
mucin release

As shown in Figure 4, reactive blue 2 itself caused significant
mucin release (52% by 30 um and 79% by 100 um). Addition of
40um ATP to the cultures which had been pretreated with

Table 1 Effect of ATP on lactic acid dehydrogenase (LDH)
release in hamster tracheal epithelial cell culture

Treatment OD(n=4)
PBS 0.537 £ 0.006
ATP (2 mm) 0.550 £ 0.007

Confluent cultures (16mm wells) were treated for a 30 min
period, and at the end of the treatment period, aliquots of
spent media were collected and assayed for the LDH activity
as described in Methods. The OD,,, value for the control
(PBS) group corresponds to about 0.6% of the total cellular
LDH activity. Each value represents a mean + s.e. of four
wells. There were no significant differences (P > 0.05) among
the above treatment groups.
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Figure 3 Effect of ATP, 2-methylthio ATP, a,f-methylene ATP, and
B,y-methylene ATP on 3H-mucin release in hamster tracheal epithelial
cell culture. Confluent cultures (16 mm) were pulsed with [*H]-glucos-
amine for 24 h and chased for 30 min in the presence of the ATP ana-
logues: ATP (Q), 2-methylthio ATP (@), a,f-methylene ATP ([J), and
pB,y-methylene ATP (). Data represent means of four culture dishes;
vertical bars show s.e.mean.

30 uM or 100 uMm reactive blue 2 resulted in greater increases in
mucin release than either ATP or reactive blue 2 alone;
increases in mucin release by 40 uM ATP in cultures pretreated
with 0, 30 and 100uM reactive blue 2 were 54%, 104%, and
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Figure 4 Effect of ATP on *H-mucin release in the presence of reac-
tive blue 2 in hamster tracheal epithelial cell culture. Confluent cul-
tures (16 mm) were pulsed with [3H]-glucosamine for 24 h and chased
for 30 min in the presence of a combination of reactive blue 2 and
ATP. Reactive blue 2 was added 10 min prior to the addition of ATP.
The ordinate scale (mucin release) represents the ratio of *H-mucin
released during the chase period to 3H-mucin released during the
pulse period: without ATP (open columns) and with ATP (hatched
columns). Data represent means of four culture dishes; s.e. shown by
vertical bars. Addition of ATP caused significant (P < 0.01) increases,
regardless of the presence of reactive blue 2.
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Figure 5 Effect of Mg?* on ATP-induced 3H-mucin release in
hamster tracheal epithelial cells in culture. Confluent cultures (16 mm)
were pulsed with [*H]-glucosamine for 24 h and chased for 30 min in
the presence of a combination of 2mm ATP and 2mm MgCl,. ATP
was prepared in Ca?*, Mg?* free PBS (see Methods) which was used
as a chase medium. Data represent means of four culture dishes; s.e.
shown by vertical bars. Mucin release by ATP was not significantly
different (P > 0.05) in the presence or absence of Mg?*.

121%, respectively. The presence or absence of 2mm Mg?* in
the treatment solution did not affect the mucin releasing effect
of 2mmM ATP (Figure 5).

Discussion

It is well known that extracellular purine nucleotides interact
with their specific cell surface receptors or purinoceptors.
Purinoceptors have been divided into two classes based on
relative pharmacological potency order of agonists, specific
antagonists, and their effects on adenosine 3’ : 5’-cyclic mono-
phosphate (cyclic AMP) levels (Burnstock, 1978): P, purino-
ceptors induce responses to adenosine > AMP > ADP >
ATP, and are antagonized by the xanthines, and affect
cyclic AMP levels. In contrast, P, purinoceptor-mediated
events occur in response to ATP > ADP > AMP >
adenosine, they are not antagonized by xanthines, and they do
not influence cyclic AMP levels. As can be seen in Figure 1,
the potency order of mucin release by these analogues indi-
cates that mucin release by purine nucleotides involves a P,
purinoceptor-mediated mechanism. In addition, the fact that
both ATP and ATP,S showed the same potency (Figure 2)
seems to suggest that the ATP-induced mucin release may not
involve the hydrolysis of ATP. Recently, P, purinoceptors
were subdivided into at least two subtypes based purely on
potency order (Burnstock & Kennedy, 1985): P,, purinocep-
tors- respond to af-methylene ATP = f,y-methylene
ATP > ATP = 2-methylthio ATP, while P,, purinoceptors
are stimulated by 2-methylthio ATP > ATP > a,f-methylene
ATP = B,y-methylene ATP. Figure 3 shows that the mucin-
releasing potency among these four analogues is in the order
of ATP > 2-methylthio ATP > «f-methylene ATP > f,y-
methylene ATP. Thus, interestingly, the P, purinoceptor
responsible for mucin release does not appear to belong to
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either P,, or P, . It is important to note that the original
classification of these P, purinoceptors was based on the
potency order of these ATP analogues on smooth muscle con-
tractility (Burnstock & Kennedy, 1985), but there are con-
siderable variations among tissues and cell types in their
relative potency order (Gordon, 1986).
1986). v

Recently, the type II pneumocyte, anothér population of
airway epithelial secretory cells, has been shown to release
phospholipids in response to ATP presumably via a P,,
receptor-mediated mechanism, again purely based on the
pharmacological potency order (Rice & Singleton, 1986). The
ATP-induced phospholipid release by cultured type II pneu-
mocytes was blocked by reactive blue 2 in a dose-dependent
manner (Rice & Singleton, 1989). Reactive blue 2 was pre-
viously found to be a specific P,, receptor blocker in smooth
muscle preparations (Burnstock & Warland, 1987). In the
present HTSE cell culture system, the concentrations of reac-
tive blue 2 which caused phospholipid release in type II pneu-
mocytes did not block the ATP-induced mucin release, but
rather increased mucin release by itself (Figure 4). Therefore, it
appears that the P, purinoceptor on HTSE cells is different
from the one on type II pneumocytes. However, the difference
may not be the receptor itself but the different micromilieu on
the cell surface; we have recently shown that the cell surface of
HTSE cells contains mucins tightly bound to the external
plasma membrane (Kim et al., 1987). It is possible that these
cell surface mucins or the mucin layer serve as a barrier to
these ligands, thus altering their effective concentrations at the
receptor site.
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of this receptor causes the permeabilization of the cell mem-
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centration of Mg?* which should dramatically reduce the
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We conclude that mucin release from cultured airway
goblet cells can be stimulated by ATP and other purine
nucleotides via a P, receptor-mediated mechanism. This may
be a physiological mechanism involved in the regulation of
mucin release by airway goblet cells in vivo. Understanding of
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working on the biochemical mechanisms involved in the ATP-
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Pulse exposure to protein synthesis inhibitors enhances
vascular responses to des-Arg®-bradykinin: possible role of
interleukin-1

Denis deBlois, Johanne Bouthillier & Frangois Marceau
Centre de recherche de I'Université Laval, Hétel-Dieu de Québec, 11, cdte du Palais, Québec, QUE, Canada G1R 2J6

1 The modulation of the spontaneous increase in contractile responses to des-Arg®-bradykinin (des-
Arg®-BK) of rabbit aortic strips incubated in vitro was studied. Rapid hypotensive responses to exogenous
kinins were also measured in rabbits anaesthetized 5 h following pretreatment.

2 Continuous exposure to the protein synthesis inhibitors cycloheximide (71 uM) or anisomycin (3.8 um)
profoundly inhibited the sensitization to des-Arg®-BK in incubated aortic strips. However, temporary (3 h)
inhibition of protein synthesis in vitro followed by further incubation (3 h) of tissues without inhibitor,
paradoxically enhanced both the maximal contractile responses to des-Arg®-BK (1.7 uM) and the apparent
affinity of the kinin without affecting contractions to noradrenaline (NA, 100 nm) at 6.5 h.

3 The stimulatory activity of the short treatment (pulse) with cycloheximide was abolished in the pre-
sence of dexamethasone sodium phosphate (100 uM throughout the incubation). The function of receptors
for kinins did not appear to be altered directly by the steroid treatment.

4 Interleukin-18 (IL-1p), applied at low concentrations (100-250 pgml~?!) on aortic strips between 3h
and 6.5h of incubation time, mimicked the selective stimulatory effect of the cycloheximide pulse on
responses to des-Arg®-BK. Higher concentrations of IL-18 (0.5-5ngml~?) did not further amplify the
responses to des-Arg®-BK but decreased the contractile responses to NA.

5 The modulation by IL-18 of vascular sensitivity to des-Arg®-BK and to NA was prevented by blockade
of protein synthesis.

6 The induction in vivo by IL-18 (Sugkg™!) or by cycloheximide (10mgkg~!) of cardiovascular respon-
siveness to des-Arg®-BK was demonstrated with a blood pressure assay of exogenous kinins or with
tissues isolated ex vivo 5 h after pretreatment of animals. Evidence of active disposition of cycloheximide in
vivo was also obtained.

7 We propose the production of endogenous IL-1 as a possible mechanism for the enhancement of
responsiveness to des-Arg®-BK observed in tissues pulsed with a protein synthesis inhibitor and for the
inducing effect of cycloheximide or E. coli lipopolysaccharide in vivo. These results suggest that effects
mediated by the BK, receptor for kinins are potentially present in pathological conditions associated with
IL-1 production.

Keywords: Des-Arg®-bradykinin, biological activity; rabbit aortic strips; sensitization to kinins, modulation; cycloheximide,

vascular effects; interleukin-1

Introduction

The generation of vasoactive kinins, such as bradykinin (BK),
from circulating blood kininogen is characteristic of the early
phase of inflammatory reactions following tissue injury or
Gram negative infection (Marceau et al., 1983; Mason et al.,
1970). The vascular effects of BK include vasodilatation and
increased vascular permeability (Elliot et al., 1960). These
effects are thought to be mediated by BK, receptors for kinins
which are prevalent in vascular tissues under non-pathological
conditions (Regoli & Barabé, 1980; Marceau et al., 1983). BK
is rapidly converted to its relatively stable metabolite without
the C-terminal arginine residue, des-Arg®-BK, by kininase I
present in plasma and exudates (Erd6s & Sloane, 1962; Proud
et al., 1987). This conversion is often considered as an inac-
tivation because, in contrast to BK, the affinity of des-Arg®-
BK for BK, receptors is very low (Regoli & Barabé, 1980).
However, des-Arg®-BK may become biologically active fol-
lowing the appearance of a distinct type of receptor, termed
BK,, selective for kinin fragments without the C-terminal
arginine residue (Regoli & Barabé, 1980). The rabbit aorta
incubated in Krebs solution is an in vitro model of vascular
sensitization specific to kinins such as des-Arg®-BK (Regoli et
al., 1977). The vascular tissue, which is initially insensitive
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either to BK or to des-Arg®-BK, shows a selective increase in
contractile responses to kinins as a function of incubation
time in vitro (Bouthillier et al., 1987; deBlois et al., 1988). In
this system, the effect of kinins is thought to be mediated
through the BK, receptor for kinins because des-Arg®-BK is
ten times more potent than BK and because the effects of all
kinins are blocked by the selective BK,; receptor antagonist
[Leu®]-des-Arg®-BK (for review see Regoli & Barabé, 1980).
The sensitization process occurs even in endothelium-denuded
aortae (Bouthillier et al., 1987). However, it is dependent on
the de novo synthesis of protein as it is blocked by continuous
application of the protein synthesis inhibitor (PSI) cyclo-
heximide (Bouthillier et al., 1987). Finally, the increase in
responsiveness to kinins in the incubated rabbit aorta is
almost completely inhibited by the anti-inflammatory steroid
dexamethasone sodium phosphate (DSP) (deBlois et al., 1988).

Other smooth muscle preparations in which spontaneous
sensitization to the contractile action of des-Arg®-BK has
been observed include strips of human colon (Couture et al.,
1981), rat isolated duodenum (Boschcov et al., 1984) and
urinary bladder (Marceau et al., 1980), and rabbit basilar
artery (Whalley et al., 1983). In addition, des-Arg®-BK elicits
vasorelaxant responses mediated by cyclo-oxygenase products
in the rabbit coeliac artery (Ritter et al., 1989) and mesenteric
artery (Churchill & Ward, 1986; deBlois & Marceau, 1987). In
the rabbit mesenteric artery, the increase in responsiveness to
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des-Arg®-BK is cycloheximide-sensitive as in tissues con-
tracted by the kinin, and it is reduced but not abolished by the
complete removal of the endothelium (deBlois et al., 1987).

Selective induction of cardiovascular sensitivity to des-
Arg®-BK is also observed in vivo in rabbits injected with E.
coli lipopolysaccharide (LPS) (Regoli et al., 1981; deBlois et
al., 1989). Unlike control animals, where it has no apparent
effect, an intra-arterial bolus of des-Arg®-BK causes a rapid,
transient hypotensive response in anaesthetized rabbits Sh
after pretreatment with LPS. In hearts obtained from LPS-
treated animals and perfused ex vivo at constant flow, des-
Arg’-BK elicits a BK, receptor-mediated decrease in
peripheral vascular resistance (Regoli et al., 1981). The precise
mechanism of the hypotensive effect of des-Arg®-BK in the
rabbit is not known. Kinins may act on endothelial BK,
receptors to release vasodilator agents such as endothelium-
derived relaxing factor or prostacyclin as shown for cultured
bovine endothelial cells (D’Orleans-Juste et al., 1989). Alterna-
tively, des-Arg®-BK may act on other cell types (e.g. smooth
muscle) to produce vasorelaxation as suggested by the signifi-
cant residual responses to des-Arg>-BK observed in
endothelium-denuded mesenteric arteries (deBlois & Marceau,
1987).

Rabbits injected with LPS produce interleukin-18 (IL-1p) in
vivo (Cannon et al., 1989). Cultured vascular smooth muscle
and endothelial cells also produce IL-1 in response to LPS
(Libby et al., 1986a,b). Moreover, LPS and IL-18 are potent
stimulants of the sensitization to des-Arg®-BK in rabbit aortae
incubated in vitro (Bouthillier et al., 1987; deBlois et al., 1988).
This raises the possibility that the vascular sensitization to
des-Arg®-BK may be associated with the endogenous pro-
duction of IL-1. In addition to LPS, inhibition of protein syn-
thesis also induces the production of IL-1 mRNA in vascular
smooth muscle (Warner et al., 1987) and endothelial cells
(Libby et al., 1986a). Furthermore, removal of the PSI may
lead to the increased production of protein(s) corresponding
to the accumulated mRNA(s) (Warner & Libby, 1989). Thus,
we speculated that a transient inhibition of protein synthesis
might increase vascular responsiveness to des-Arg®-BK. The
experiments described here provide evidence for the associ-
ation between IL-1 and vascular sensitivity to des-Arg®-BK.
We found that vascular responses to des-Arg®-BK are
enhanced by a transient inhibition of protein synthesis in vitro
or in vivo, and by IL-18 injected in vivo into rabbits. The
induction by IL-1 of BK, receptors for relatively stable
metabolites of kinins may accentuate and prolong the hypo-
tensive effect of kinins in pathologies associated with a dra-
matic fall in blood pressure, such as the septic shock (Wilson
et al., 1989).

Methods

Isolated blood vessels

The thoracic aorta was isolated from New Zealand White
rabbits of either sex (1.2 to 1.8 kg). The vessels were prepared,
suspended under a basal tension of 2 g in 5ml organ chambers
containing Krebs solution, and their responses to agents were
recorded as previously described (Bouthillier et al., 1987). The
level of responsiveness to des-Arg®-BK was monitored by
applying the kinin fragment at a concentration of 1.7uM,
which is approximately the ECy5 (Regoli & Barabé, 1980).
The upper panel of Figure 1 represents the schematic diagram
for the application of vasoactive agents during the incubation
of the smooth muscle preparation. Des-Arg®>-BK was rou-
tinely applied 1, 3 and 6h after the beginning of the tissue
incubation, and noradrenaline (NA, 100 nm) after 1.5 and 6.5h
of incubation. The repeated stimulations with des-Arg®-BK
were done in order to monitor the progressive increase of
responsiveness of aortic strips to the kinin metabolite. NA was
applied to monitor the response to an unrelated contractile
agent. Tissues were allowed to respond for 10min. At the end

of this period, the vasoactive agents were removed by washing
the tissues twice with fresh Krebs solution. The maximal level
of contraction observed during the 10 min observation period
is presented and is expressed in g of isometric tension. The
longest period between washings with fresh Krebs solution
was 90 min.

Pharmacological modulation of in vitro sensitization to
des-Arg®-bradykinin

The lower panel of Figure 1 is a summary of the various types
of treatment applied on the rabbit aortic strips during the in
vitro incubation. Tissues were exposed to a PSI (solid bars),
namely cycloheximide (71umM) or anisomycin (3.8 um), for
various periods of time in vitro: (a) for the first 1h, (b) for the
first 3 h, or (c) for the whole incubation period. In strips tem-
porarily treated (pulsed) with a PSI, the fluid bathing the
tissues was changed every hour after the end of the exposure
to the inhibitor. This protocol was followed to investigate the
possible stimulating effect of a temporary blockade of protein
synthesis on the vascular sensitization to des-Arg®-BK. In
some experiments, incubated strips were exposed continuously
to the inhibitory steroid DSP (100uM, hatched bars) which
was applied (d) alone or (e) in combination with a PSI for the
first 3h. Some strips were treated for the last 3.5h of incu-
bation with (f) DSP (100 um) or with (g) IL-18 (0.1-5ngml ™!,
open bars). IL-18 (5ngml~!) was also applied for the first 3h
(h) alone or (i) in combination with a high concentration of a
PSI (anisomycin, 38 um).

In vivo sensitization to des-Arg®-bradykinin

Five hours prior to any other experimental procedure, rabbits
were given an i.v. injection of one of the following agents:
cycloheximide (1 or 10mgkg™'), E. coli LPS (25ugkg™"),
IL-18 (Sugkg™!) or tumor necrosis factor a (TNFq,
Sugkg™"). Control animals received 1ml of physiological
saline (1 ml) or bovine serum albumin (BSA, 1 mgkg™?) dis-
solved in physiological saline which was the vehicle for IL-18
and TNFa.

Two experimental approaches were used to monitor the
vascular sensitization to des-Arg®-BK that occurred in vivo
following the pretreatments. First, vascular responses to des-
Arg®-BK were measured ex vivo in aortic strips isolated from
pretreated rabbits. Strips were prepared and suspended in
organ chambers as described above. The sensitization to des-
Arg®-BK occurs spontaneously in vitro in aortae isolated from
normal rabbits (Bouthillier et al., 1987). However, it is both
absent at 1h and repressed by continuous exposure to cyclo-
heximide. Thus, the following procedure was adopted to
measure specifically the degree of sensitization to des-Arg®-
BK occurring in vivo without interference from the in vitro
sensitization. The aortic strips were routinely incubated in the
presence of cycloheximide (71 um) and stimulated with des-
Arg®-BK (1.7um) at 1h. The contractile response to NA
(100 nM) at 1.5 h was also measured.

Second, rapid hypotensive responses to exogenous kinins
were measured in rabbits anaesthetized 5 h following pretreat-
ment. Rabbits were anaesthetized with lignocaine and sodium
pentobarbitone and ventilated as described previously (Regoli
et al., 1981). Immediate blood pressure changes in response to
intra-arterial injection of BK or of des-Arg®-BK were record-
ed from the left carotid artery as described by Bouthillier et al.
(1987).

In a separate set of experiments, rabbits were injected with
the angiotensin converting enzyme inhibitor captopril (5 or
10mgkg™?) or enalapril (5 or 10mgkg~"') and anaesthetized
20 h later for blood pressure measurements. This longer delay
between the pretreatments and the anaesthesia was chosen to
reproduce an experimental procedure previously described
(Nwator & Whalley, 1989) which reportedly induced in 20h a
state of cardiovascular sensitivity to des-Arg®-BK. In addition,
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Figure 1 Upper panel: schematic diagram for the application of vasoactive agents during the incubation of the rabbit aortic strips.

Des-Arg®-bradykinin (des-Arg®-BK, 1.7 uM) was routinely applied

1, 3 and 6h after the beginning of the tissue incubation, and

noradrenaline (NA, 100 nMm) after 1.5 and 6.5h of incubation. Tissues were allowed to respond for 10 min. At the end of this period,
the vasoactive agents were removed by washing the tissues twice with fresh Krebs solution. Lower panel: summary of the various
types of treatment applied on the rabbit aortic strips during the in vitro incubation. Tissues are exposed to a protein synthesis
inhibitor (PSI, solid bars), namely cycloheximide (71 uM) or anisomycin (3.8 uM), for various periods of time in vitro: (a) for the first
1 h, (b) for the first 3 h, or (c) for the whole incubation period. In some experiments, incubated strips were exposed continuously to the
inhibitory steroid dexamethasone sodium phosphate (DSP, 100 uM, hatched bars) which was applied (d) alone or (e) in combination
with a PSI for the first 3h. Some strips were treated for the last 3.5h of incubation with (f) DSP (100 4m) or with (g) interleukin-18
(IL-18, open bars) at increasing concentrations (0.1-Sngml~!). IL-18 (5ngml~') was also applied for the first 3h (h) alone or (i) in

combination with a high concentration of PSI (anisomycin, 38 um).

a group of rabbits was anaesthetized for blood pressure mea-
surements 5 h after an i.v. injection of captopril (Smgkg™1).

Time course of protein synthesis inhibition by
cycloheximide in vivo

The transient nature of vascular cells exposure to cyclo-
heximide in vivo was investigated by measuring the inhibition
of [3°S]-methionine incorporation into cultured fibroblasts by
plasma from a cycloheximide-treated rabbit. At various inter-
vals following pretreatment, a rabbit injected with cyclo-
heximide (10 mgkg~!) was bled through the central ear artery
into tubes containing a final heparin concentration of
18uml~'. The plasma was collected by centrifugation at 4°C
and stored frozen at —20°C. Rabbit dermal fibroblasts were
derived from subcutaneous explants, cultured in Dulbecco’s
Modified Eagle Medium (DMEM, from Gibco, Grand Island,
NY, U.S.A)) supplemented with 10% foetal calf serum (FCS),
2mMm L-glutamine, 2% non-essential amino-acids, 100uml~!
penicillin and 100uml ™~ streptomycin as described (Marceau
& Tremblay, 1986; all reagents from Gibco). Cells (1.0 x 10%)
were seeded in each well of a 12-well plate (Linbro, Flow
Labs, Mclean, VA, U.S.A.; well diameter, 24 mm) and further
cultured for 2 days. Then the culture medium was replaced
with DMEM containing 5% FCS, 5% rabbit plasma from the
cycloheximide-treated animal and [3*S]-methionine

(10uCiml™?'; specific activity 200mCimmol~?, Amersham,
Oakville, Canada). At the end of the incubation, the cells were
washed extensively with phosphate buffered (78 mMm, pH 7.4)
saline and solubilized in 1ml NaOH (0.15N). Scintillation
cocktail (Scintiverse, Fisher Scientific, Fairlawn, NJ, US.A)
was added and the radioactivity incorporated into the cells
was measured.

Drugs

Cycloheximide, anisomycin and (—)-noradrenaline were pur-
chased from Sigma (St Louis, MO, U.S.A.). Bradykinin and
des-Arg®-BK were from Bachem (Torrance, CA, US.A).
Dexamethasone sodium phosphate was from Sabex
(Montréal, Québec, Canada), heparin sodium U.S.P. was from
Organon (Toronto, Ontario, Canada). Lipopolysaccharide
from E. coli, 0111:B4, was from DIFCO Lab. (Detroit, MI,
U.S.A)). Interleukin-18 (recombinant, human sequence) was a
gift from Biogen S.A. (Geneva, Switzerland) and tumor nec-
rosis factor a (recombinant, human sequence) a gift from
Genetics Institute (Boston, MA, U.S.A.). Pentobarbitone
sodium was from Abbot Laboratories (Toronto, Ontario,
Canada) and lignocaine hydrochloride from Astra
(Mississauga, Ontario, Canada). Captopril and enalapril were
gifts from the Squibb and Merck companies, respectively.
Endotoxin content of the cycloheximide and IL-18 solutions
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that were injected in vivo in some experiments, was verified by
the Limulus amoebocyte lysate assay (Sigma).

Statistical analysis

Results are expressed as means + standard errors (s.e.) of the
mean. In most in vitro protocols, responses obtained in treated
tissues were matched with those from paired controls from the
same rabbit; results were then analysed by means of one way
analysis of variance (ANOVA) followed by Student’s ¢ test for
paired samples in order to minimize the effect of inter-animal
variation. ANOVA followed by Dunnett’s test was used when
more than three comparisons were made between treated
groups or with the control group (Tallarida & Murray, 1987).

Results

Effect of protein synthesis inhibitors on responses to
des-Arg®-bradykinin in vitro

Initially insensitive to a near maximal concentration of des-
Arg®-BK (1.7um), the rabbit isolated aorta selectively
increased its contractile response to the kinin as a function of
incubation time in vitro (Figure 2a). The effect of PSIs on this
sensitization process varied according to the time schedule of
exposure in vitro (Figure 2, typical tracings; Figure 3a and b,
statistical analyses). Whereas application of cycloheximide
(71 um) throughout the incubation period completely inhibited
the development of vascular sensitivity to des-Arg®-BK, a
short application of the PSI during the first hour significantly
increased the level of maximal response to des-Arg®-BK
recorded after 6h of incubation. Tissues exposed to cyclo-
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Figure 2 Contractile effect of des-Arg®-bradykinin (des-Arg®-BK,
1.7 uM) and of noradrenaline (NA, 100 nM) on the rabbit isolated aorta
as a function of incubation time in vitro. Three aortic strips isolated
from the same animal were stimulated with des-Arg®-BK for 10 min
after 1, 3 and 6h of incubation and with NA after 1.5 and 6.5h of
incubation. Exposure to NA was ended after the peak contractile
response was reached. Cycloheximide (71 um) was applied to paired
strips from the same aorta (b) for the first 3 h of incubation or (c) was
present continuously in the bathing fluid. One tissue (a) was left
untreated as a control for spontaneous sensitization. Ordinate scale:
isometric contraction in g; abscissa scale: time in min. Closed symbols
indicate the time of the application of the vasoactive agents and open
symbols indicate the end of the stimulation period. The spontaneous
increase in responses to des-Arg®-BK of incubated rabbit aortic strips
was selectively amplified following a temporary blockade of protein
synthesis. Continuous exposition to cycloheximide abolished the sen-
sitization to the kinin.
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Figure 3 Selective increase in responses to des-Arg®-bradykinin (des-
Arg®-BK, 1.7 uM) of the incubated rabbit aorta transiently exposed to
a protein synthesis inhibitor (PSI). Responses to the kinin (a and b)
and to noradrenaline (NA, 100 nM, ¢ and d) are shown. The vasoactive
agents were applied on tissues for 10 min. Adjacent hatched and solid
columns refer to measurements in the same set of tissue at different
times during the incubation: des-Arg®-BK was applied after 3h
(hatched columns) and 6 h (solid columns) and NA after 1.5h (hatched
columns) and 6.5h (solid columns). Some tissues were exposed to
cycloheximide (71uM, n=8-10, a and-c) or anisomycin (3.8 uM,
n=5-7, b and d) for the first 1 or 3h of incubation. Another set of
tissues were exposed continuously (0-6.5h) to the PSI. Vertical lines
represent s.e. of the mean. Statistically significant differences between
responses of treated and control tissues at 3h or at 6h were deter-
mined by one way analysis of variance followed by Student’s ¢ test:
*P <005;**P <0.01; *** P <0.001.

heximide for the first 3h of incubation did not respond to
des-Arg®-BK at the end of this period. However, when the
same tissues were incubated for an additional 3h without
cycloheximide and then stimulated with the kinin, a markedly
higher level of contraction was observed (Figures 2b and 3a).
Contractions at 6 h were significantly greater following a long
exposure (first 3h of incubation) than a short exposure (first
1h) to cycloheximide. Anisomycin, a PSI structurally unre-
lated to cycloheximide, behaved similarly: it prevented or
increased the development of responses to des-Arg®-BK
depending whether it was applied continuously or transiently
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to the incubated rabbit aorta (Figure 3b). Contractions to NA
(100 nM) were not affected by any of the treatments (Figure 3¢
and d).

Concentration-effect curves of des-Arg®-bradykinin

Complete cumulative concentration-effect curves for des-Arg®-
BK were established at 6 h as previously described (Regoli et
al., 1978) in tissues exposed to cycloheximide for the first 3h
of incubation. As already shown in Figure 3a, this treatment
resulted in an increase in the maximal response of aortic strips
to des-Arg®-BK (Figure 4a). In addition, the concentration-
effect curve expressed as a percentage of the maximal response
was shifted to the left in comparison with the paired control
curve (Figure 4b).

Inhibition by dexamethasone of the stimulant effect of
cycloheximide in vitro

Continuous exposure of aortic strips to DSP was shown to
inhibit specifically the sensitization to des-Arg®-BK even in
the presence of known stimulants of the sensitization process
(deBlois et al., 1988). We investigated whether the stimulating
effect of cycloheximide in this system was sensitive to inhibi-
tion by DSP (100um). The stimulant effect of the cyclo-
heximide pulse was virtually abolished by the steroid (Figure
5a). Moreover, the two groups of tissues incubated in the pre-
sence of DSP had similar levels of responsiveness to des-Arg®-
BK at 6h. We investigated the possibility that a steroid-
induced protein could inhibit the contractile response to des-
Arg®-BK by acting on the receptor or at a post-receptor level.
In tissues responsive to des-Arg®-BK at 3h, a subsequent
treatment with DSP from 3h to 6.5h did not reduce respon-
siveness to des-Arg®-BK at 6 h as compared to 3h in the same
tissue (Figure Sb). This suggests that the receptor function was
not altered directly by the steroid treatment.
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Figure 4 Concentration-effect curves for des-Arg®-bradykinin on
(O) control rabbit aortic strips or on tissues exposed to cycloheximide
(71 um) for the first 3h of incubation (@). The points represent the
mean of 4 determinations made after 6h of incubation and vertical
lines show s.e. mean. The same data are presented (a) as g of contrac-
tion or (b) as a % of the maximal contraction. The maximal response
to the kinin was increased and the half-maximal concentration was
lower in tissues pulsed with cycloheximide as compared to control.
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Figure § Effect of the glucocorticoid, dexamethasone sodium phos-
phate (DSP, 100uM) on the response to des-Arg®-bradykinin (des-
Arg®-BK, 1.7uM) of incubated strips of rabbit aorta. In (a) paired
tissues were treated with DSP throughout the incubation period (0-
6.5h) or with cycloheximide (CHX, 71 uM) for the first 3h (0-3h) or
with both treatments combined. One group of tissues was left
untreated as a control for the spontaneous increase in responsiveness
to des-Arg®-BK. Responses to the kinin at 6h are shown as the mean
of 6 determinations; s.e. shown by vertical bars. DSP markedly inhib-
ited the increase in responses to des-Arg®-BK of rabbit aortic strips
even in tissues exposed temporarily to cycloheximide. Student’s ¢ test
for paired samples was used to compare tissues treated with DSP to
the corresponding tissue incubated without the steroid. In (b), tissues
were incubated with DSP (100 uM) throughout the incubation period
(0-6.5h), for the last 3.5h (3—6.5h) or without the steroid (control).
Responses to the kinin in the same set of tissues at 3h (hatched
columns) and 6 h (adjacent solid columns) are shown as the mean of 5
determinations with s.e. shown by vertical bars. In tissues exposed to
DSP for the last 3.5 h, the steroid did not reduce the magnitude of the
response at 6 h as compared to 3 h. Student’s ¢ test for paired samples
was used to compare the levels of response to des-Arg®-BK at 3h and
6h within each group of tissues. Responses to noradrenaline were not
affected by any of those treatments (not shown). Levels of significance:
*P <005;** P <0.01.

Effect of interleukin-1f on tissue responsiveness to
des-Arg®-bradykinin

To test whether exogenous IL-18 could reproduce the stimu-
latory effect of cycloheximide on the responses to des-Arg®-
BK in the incubated rabbit aorta, the cytokine was added at
various concentrations to the bathing fluid for the last 3.5h of
incubation (3-6.5h). This schedule of application was chosen
to reproduce the putative production of endogenous IL-1 by
cells in the vascular wall exposed to cycloheximide for the first
3h of incubation. Application of IL-18 at low concentrations
(100-250 pgml~!) for the last 3.5h of incubation had a selec-
tive stimulatory effect on the responses to des-Arg®-BK of
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aortic strips (Figure 6a and b). Tissues exposed to IL-18 at
these concentrations had a level of response to the kinin (at
6 h) or to NA (at 6.5 h) that was not significantly different from
those of tissues exposed to cycloheximide for the first 3h. In
contrast, tissues left untreated as controls for spontaneous
sensitization had significantly weaker contractile responses to
des-Arg®-BK as indicated by ANOVA and Dunnett’s test. At
higher concentrations of IL-18 (0.5-5ngml~!), the level of
responses to the kinin was not further enhanced but the level
of contractions in response to NA was significantly reduced
(82% inhibition in the presence of Sngml~! IL-1p).

Continuous exposure to a high concentration of the PSI
anisomycin (38 uM) prevented the sensitization to des-Arg®-
BK even in tissues incubated with IL-18 (5ngml~!; Figure
7a) suggesting that the synthesis of one or more proteins dif-
ferent from IL-1 is necessary for the sensitization to the kinin.
In addition, the desensitization to NA in tissues exposed to
the IL-18 was prevented by blockade of protein synthesis
(Figure 7b).

In vivo induction of vascular sensitivity to
des-Arg®-bradykinin

Since cycloheximide was shown to enhance the spontaneous
development of responsiveness to des-Arg®-BK in vitro, we
administered the agent to rabbits in order to verify whether it
could induce in vivo a state of vascular responsiveness to the
kinin metabolite. LPS, a known inducer of cardiovascular
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Figure 6 Effects of a temporary exposure to cycloheximide or to
interleukin-18 on the contractile response of rabbit aortic strips to
des-Arg®-bradykinin (des-Arg®>-BK, 1.7uM) and to noradrenaline
(100 nM). Strips were exposed to cycloheximide (CHX, 71 um) for the
first 3h of incubation (0-3 h) or to interleukin-18 (IL-1f) at various
concentrations for the last 3.5h (IL-18, 3-6.5h). Responses to the
kinin at 6h are shown as the mean of 7-19 determinations; vertical
bars show s.e. IL-1p, applied at low concentrations for the last 3.5h of
incubation, mimicked the selective stimulatory effect of the pulse of
cycloheximide on the contractile response to des-Arg®-BK. The
control and IL-1B-treated groups were compared to the
cycloheximide-treated group by use of one-way analysis of variance
followed by Dunnett’s test. Levels of significance: ** P < 0.01;
*** P < 0.001.
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Figure 7 Inhibitory effect of anisomycin in the presence of
interleukin-18 (IL-15) on the sensitization of the incubated rabbit
aorta to des-Arg®-bradykinin (des-Arg®-BK). Paired aortic strips were
incubated in the presence of a high concentration of anisomycin
(38 uM, 0-6.5h) or IL-18 (5ngml~!, 0-3h) or a combination of the
two agents. One tissue was left untreated as a control for spontaneous
sensitization to the kinin. Responses (a) to des-Arg®-BK (1.7 uM) at 6h
and (b) to noradrenaline (NA, 100 nM) at 6.5h are shown as the mean
of 5 determinations; vertical bars show s.e. Anisomycin (AN) pre-
vented the sensitization to des-Arg®-BK in tissues incubated with or
without IL-18 as well as the desensitization to NA in tissues exposed
to the cytokine. In (a), strips exposed to anisomycin were compared to
the corresponding tissue incubated without the inhibitor by use of
Student’s ¢ test for paired samples. In (b), Dunnett’s test was used to
compare all groups to the control group. Levels of significance:
** P <001;*** P < 0.001.

sensitivity to des-Arg®-BK (Regoli et al., 1981) and IL-1p, the
mRNA of which is induced in cultured vascular cells by LPS
or by cycloheximide (Warner et al., 1987; Libby et al., 1986b),
were also injected separately in vivo.

Thoracic aortae from rabbits treated in vivo with cyclo-
heximide (10mgkg~! i.v., Sh before isolation) had a signifi-
cantly higher level of contraction in response to des-Arg®-BK
after a short period (1h) of incubation in vitro than tissues
isolated from saline-treated rabbits (Figure 8a). The effect of
cycloheximide was dose-dependent and did not reach sta-
tistical significance at the lower dose tested (1mgkg~'). LPS
(25ugkg™') was a more potent in vivo inducer of vascular
sensitivity to des-Arg®-BK than cycloheximide. The pro-
inflammatory cytokine IL-18 (Sugkg™!) was also an inducer
in vivo whereas its BSA vehicle (1mgkg~!) was not. None of
these pretreatments affected the in vitro response to NA
(100 nM) recorded at 1.5h (Figure 8b). Only 1 ng of endotoxin
per mg of cycloheximide was detected in the solution of inhib-
itor administered in vivo by the Limulus amoebocyte lysate
assay. The solution of IL-18 contained no detectable endo-
toxin by this assay (detection limit: 10 pgml~1).

The induction in vivo of cardiovascular sensitivity to des-
Arg®-BK was also demonstrated by a blood pressure assay for
exogenous kinins. Rabbits injected with cycloheximide
(10mgkg™"), IL-18 (Sugkg™?') or LPS (25ugkg™"), but not
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Figure 8 Selective induction in vivo of vascular responsiveness to
des-Arg®-bradykinin  (des-Arg®-BK) by cycloheximide (CHX,
10mgkg™'), E. coli lipopolysaccharide (LPS, 25ugkg™!) or
interleukin-18 (IL-18, 5ugkg™"') as assessed in vitro by the contractile
effects of (a) des-Arg®-BK (1.7 um) after 1h of incubation or (b) nor-
adrenaline (100nMm) at 1.5h in strips of rabbit aorta isolated 5h after
the i.v. injection of the agent. Aortic tissues were incubated in vitro in
the presence of cycloheximide (71 um). Vertical bars represent s.e.mean
of 8 determinations. Values were compared to control (saline) by use
of one way analysis of variance followed by Dunnett’s test, except for
IL-18 which was compared to the bovine serum albumin (BSA)-
treated group by the use of Student’s ¢ test for unpaired samples.
Levels of significance: * P < 0.05; ** P < 0.01.

with the saline or the BSA (1 mgkg™!) vehicles, developed sig-
nificant hypotensive responses to exogenous des-Arg®-BK
given as an intra-arterial bolus Sh after the pretreatment
(Table 1). LPS was the most potent inducer at doses tested.
Rabbits pretreated with TNFa (Sugkg™!, n=2), a pro-
inflammatory cytokine which is induced by LPS in cultured
smooth muscle cells (Warner & Libby, 1989), did not respond
to exogenous des-Arg’-BK (data not shown). Responses to
exogenous bradykinin were present in the saline-treated group
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(25ng: 5.1 + 04mmHg; 100ng: 13.8 + 3.1mmHg; 250ng:
20.1 + 1.5mmHg) and were not affected by any of the
pretreatments (data not shown).

In addition, it has been reported that captopril (Smgkg™?)
or enalapril (5mgkg™"), which are widely used inhibitors of
the angiotensin converting enzyme, could induce a state of
cardiovascular responsiveness to des-Arg®-BK when adminis-
tered iv. to rabbits 20h before anaesthesia (Nwator &
Whalley, 1989). These results could not be reproduced in our
laboratory even with a double dose of the agent (Table 1).
Moreover, responses to exogenous des-Arg®-BK were also
monitored in rabbits that had received captopril (5mgkg™?)
Sh only before anaesthesia. This experiment was undertaken
because of a possible ‘fading away’ of the vascular sensitivity
during the 20h experimental period. No significant response
to exogenous des-Arg®-BK could be observed under these
conditions (Table 1).

Time course of protein synthesis inhibition by i.v.
cycloheximide

[33S]-methionine incorporation into cultured fibroblasts was
inhibited by 69% following incubation with 5% (v/v) plasma
sampled Smin after iv. injection of cycloheximide
(10mgkg™!) (Table 2). The inhibition of [35S]-methionine
incorporation was less extensive with plasmas obtained later

Table 2 [3*S]-methionine incorporation into cultured
rabbit dermal fibroblasts exposed for 6h to rabbit plasma
(5% v/v) sampled following i.v. injection with cycloheximide
(10mgkg™")*

[33S]-methionine incorporated®

Time of blood sampling (c.p.m. x 1072
Control® 708 + 51
Smin 232 + 174
30min 283 + 7¢ .
60 min 347 + 174
120 min 473 + 23¢
180 min 551 + 38¢
240 min 645 + 27

*Rabbit dermal fibroblasts were incubated for 6h in Dul-
becco’s Modified Eagle Medium in the presence of 5% FCS
(v/v) and 5% plasma sampled at various times following
injection of cycloheximide (10mgkg ™) to a rabbit.

® Rabbit plasma sampled before cycloheximide injection.

¢ Results are expressed as c.p.m. of [3*S]-methionine incor-
porated per 10° cells and represent the mean + s.e. of quadri-
plicate estimates.

4 Value significantly different from control (P < 0.01 as cal-
culated by Dunnett’s test).

Table 1 Effect of des-Arg®-bradykinin on the mean arterial blood pressure of anaesthetized rabbits subjected to various treatments

in vivo

Basal blood pressure (mmHg)

Treatment (dose)* n Systolic
Saline (1 ml) 4 116 + 1
Cycloheximide (10mgkg ™) 9 109+ 5
LPS (25 ugkg ™) 4 105 + 9
BSA (1mgkg~!) 8 110 + 3
IL-18 (Spugkg 1) 12 105 + 4
Captopril (5mgkg™!) 3 113+8
Captopril (5-10mgkg~!')¢ 6 106 + 6
Enalapril (5-10mgkg~*)* 4 109 + 11

Hypotensive effect of des-Arg®-bradykinin

Diastolic 025 ug 1.0ug 2.5ug
97 +1 (1 0 0

91 +4 4+1 8 +2* 13 4 2%+
80+ 8 6+ 1* 15 + 5* 19 + 6*
87+6 0 0 1]

78 + 4 3 4 e 5 4 1%+ 8 4 1%
76 + 1 0 0 0
78+5 0 0 0
77+5 0 0 0

* Treatments were in the form of a single i.v. injection 5h before anaesthesia, except for captopril (5-10mgkg ") and for enalapril which

were given 20 h before anaesthesia.

b Fall of mean arterial blood pressure, mmHg. Results are compared with the control group (saline) by use of Dunnett’s test, except for
IL-18, which was compared to BSA by use of Student’s ¢ test. Significance levels are expressed as follows: * P < 0.05; ** P < 0.01;

*** P < 0.001.

¢ Abbreviations used: LPS: lipopolysaccharide; BSA : bovine serum albumin; IL-18: interleukin-15.
4 Pool of results obtained with an equal number of animals treated with a single or a double dose of the agent.
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on. Plasma sampled 4 h after cycloheximide injection did not
significantly inhibit [3°S]-methionine incorporation as com-
pared to control (Table 2). These results suggest that an active
disposition of cycloheximide occurs in rabbits in vivo within
the 5 h experimental period used in this study.

Discussion

Des-Arg®-BK is hypotensive in rabbits injected with LPS and
a vasodilator in perfused hearts from these treated animals
(Regoli et al., 1981). By contrast, it is a vasoconstrictor in the
rabbit aortic preparation (Regoli et al., 1981; deBlois et al.,
1989). The fall in mean arterial blood pressure in response to
des-Arg®-BK is probably not functionally related to the con-
tractile response of the aorta. Nevertheless, this tissue was
used to study the process of vascular sensitization to des-
Arg®-BK in vitro for three reasons. First, the myotropic
response of the rabbit aorta to kinins is mediated exclusively
by BK, receptors and has been extensively characterized (for
review see Regoli & Barabé, 1980). Secondly, the rabbit aorta
being insensitive to vasoactive prostaglandins which may
interfere with the contractile response (Forstermann et al.,
1984), responds to des-Arg®-BK with a monophasic contrac-
tion (Bouthillier et al., 1987). This makes the sensitization
easier to study than, for instance, that occurring in the mesen-
teric artery in which a contraction is followed by a
prostaglandin-mediated relaxation (deBlois & Marceau, 1987).
Finally, in rabbits sensitized in vivo with LPS, the contractile
response of the isolated aorta to des-Arg®-BK is a good indi-
cator of the systemic cardiovascular sensitivity to the kinin
observed by use of the blood pressure assay (Regoli et al.,
1981; deBlois et al., 1989; present results).

The de novo synthesis of BK, receptors for kinins has been
postulated to account for the increased responses to des-Arg®-
BK observed in smooth muscle preparations incubated in
vitro and in the cardiovascular system of endotoxaemic
rabbits (Regoli et al., 1978; Marceau et al., 1983). Although
the precise mechanism of sensitization is still unknown, the
dependence on protein synthesis of the in vitro process is well
established. In the present study, we have documented a para-
doxical stimulant effect of PSIs on the development of vascu-
lar responses to des-Arg®-BK in vitro and in vivo. We also
observed the in vivo induction in the rabbit of cardiovascular
sensitivity to des-Arg®-BK by the pro-inflammatory cytokine
IL-18. Our results suggest a possible association between the
endogenous production of IL-1 and vascular sensitivity to
agonists of the BK, receptor for kinins.

Stimulating effect of protein synthesis inhibitors in vitro

Temporary inhibition of protein synthesis with two structur-
ally unrelated inhibitors, namely cycloheximide and aniso-
mycin, enhanced both the maximal response of the rabbit
aorta to des-Arg®-BK and the apparent affinity of the kinin.
This phenomenon has been reported previously with IL-18
(deBlois et al., 1988) and epidermal growth factor (EGF; Bou-
thillier et al., 1987). Although stimulation of EGF production
in aortic strips pulsed with cycloheximide in vitro cannot be
ruled out, it is known that the synthesis of mRNA for IL-1 is
induced by cycloheximide in cultured vascular smooth muscle
cells (Warner et al., 1987) or endothelial cells (Libby et al.,
1986a). Moreover, inhibition of IL-1 synthesis by glucocorti-
coids (Smith, 1980) may partially account for the inhibitory
effect of DSP on responses to des-Arg®-BK in tissues pulsed
with cycloheximide. The induction but not the subsequent
function of receptors for kinins appears to be sensitive to the
inhibitory effect of DSP because incubation of kinin-sensitive
aortic strips with the glucocorticoid for a period of time suffi-
cient for the synthesis of steroid-induced proteins did not
result in a decreased level of response to the kinin.

Low concentrations of IL-18 mimicked the stimulating
effect of cycloheximide on responses to des-Arg®-BK. These in
vitro concentrations were similar to those used to stimulate
prostaglandin synthesis in human fibroblasts (Dinarello et al.,
1986) and those found in the plasma of children suffering from
severe infection (1.5ngml ™!, Giarardin et al., 1989). This sug-
gests that the production of IL-1 may be a major event regu-
lating the vascular sensitivity to des-Arg®-BK.

The inhibition by anisomycin of the spontaneous sensitiza-
tion to des-Arg®-BK that occurs in vitro was not reversed by a
high concentration of IL-18 suggesting that the de novo syn-
thesis of one or more proteins distinct from IL-18 is required.
This may include de novo BK, receptor synthesis, the postu-
lated mechanism for the increase in vascular sensitivity to des-
Arg®-BK (Regoli et al., 1978).

The potent inhibition of contractile responses to NA pro-
duced by higher IL-18 concentrations was prevented by inhi-
bition of protein synthesis. This confirms previous
observations made in the rat aorta with a-adrenoceptor agon-
ists (Beasley et al., 1989; McKenna, 1990). A major discrep-
ancy between the rabbit and the rat preparations is the effect
of IL-18 on the apparent contractility of the smooth muscle
preparations. Beasley et al. (1989) and McKenna (1990) sug-
gested that vascular contractility was depressed non specifi-
cally following incubation of rat aortic strips with IL-18
because it also decreased contractions by KCI. In this study,
the enhanced responses to des-Arg®-BK in rabbit aortic strips
showing a decreased sensitivity to NA suggest that the intrin-
sic smooth muscle contractility was not depressed.

Induction in vivo

As shown with tissues ex vivo and with blood pressure mea-
surements in anaesthetized rabbits, a transient inhibition of
protein synthesis in vivo with i.v. cycloheximide induced an
increase in vascular responsiveness to des-Arg®-BK. Vascular
sensitivity to the kinin metabolite also was induced by injec-
tion of IL-18 (Sugkg™"). IL-1 occurs in the plasma of rabbits
injected with LPS (Cannon et al., 1989) and LPS injection
produces sensitization to des-Arg®-BK in vivo (Regoli et al.,
1981). Furthermore, cultured vascular cells produce IL-1 in
response to LPS (Libby et al., 1986a,b) and IL-1 mRNA in
response to cycloheximide (Libby et al., 1986a; Warner et al.,
1987). Finally, TNFa (Sugkg™'), a cytokine also induced by
LPS but not by cycloheximide in vascular cells, failed to
induce a state of vascular sensitivity to des-Arg®-BK (not
shown). Thus, IL-1 may be the common mediator responsible
for the inducing effect of both cycloheximide and LPS on the
vascular sensitivity to des-Arg®-BK in the rabbit.

It is unlikely that the activity of IL-18 or cycloheximide in
vivo is due to a possible contamination by LPS because the
Limulus amoebocyte lysate assay did not detect any endotoxin
in the IL-18 preparation and only approximately 1ng endo-
toxin per mg in the cycloheximide preparation. The stronger
in vivo inducing effect of cycloheximide (10mgkg~') or of LPS
(25 ugkg™') as compared to IL-18 (5 ugkg™') may reflect the
ability of these agents to stimulate a sustained endogenous
production of cytokines, e.g. IL-1 itself (Dinarello et al., 1987)
or IL-2, another in vitro stimulant of the sensitization to des-
Arg®-BK in the rabbit aorta preparation (deBlois et al., 1988).
Since IL-1 is frequently synergistic with other cytokines such
as IL-2 (Le et al., 1986), the possibility exists that IL-1 action
is a necessary but not sufficient step leading.to vascular sensi-
tivity to des-Arg®-BK. This hypothesis will be tested on rabbit
vascular tissues and cells in culture.

Alternatively, it is possible that PSIs stimulate the expres-
sion of gene(s) for factors involved in the sensitization to des-
Arg®-BK but different from IL-1. For example, inhibition of
protein synthesis reportedly induces the mRNA for pg-
interferon (Ringold et al., 1984) and TNFa (Warner & Libby,
1989), and for the nuclear transcription factors c-myc (Makino
et al., 1984) and c-fos.(Sariban et al., 1988). Also, a direct tran-
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scriptional stimulation of synthesis of membrane receptors for
des-Arg®-BK (B,-type) in the presence of PSIs is a possibility
that cannot be ruled out at this time.

Nwator & Whalley (1989) reported cardiovascular
responses of the BK,-type in rabbits injected with the angio-
tensin converting enzyme inhibitors captopril or enalapril 20 h
before anaesthesia. The rationale for such an experiment was
that the inflammatory side-effects seen with long term use of
this group of antihypertensive drugs in man may be related to
elevated endogenous kinin and B, receptor levels. However,
we have been unable to reproduce these results in rabbits
injected with a similar or double dose of captopril or enalapril
20h or 5h (captopril group) before anaesthesia. The very low
baseline blood pressure of anaesthetized animals used in the
study of Nwator & Whalley (1989), or traces of endotoxin
contaminating the drug preparations (which were adminis-
tered in appreciable quantity: 5Smgkg~!) may explain the dis-
crepant results.

In summary, we have demonstrated that the spontaneous
sensitization to des-Arg®-BK of the isolated rabbit aorta was
enhanced following short treatments with PSIs. DSP in vitro
was inhibitory even in tissues pulsed with cycloheximide. The
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Investigation into the 5-hydroxytryptamine receptor mediating
smooth muscle relaxation in the rat oesophagus

1J.J. Reeves, K.T. Bunce & P.P.A. Humphrey

Department of Gastrointestinal Pharmacology, Glaxo Group Research Ltd, Ware, Herts, SG12 ODP

1 An investigation has been made into the S5-hydroxytryptamine (5-HT) receptor mediating relaxation of
rat oesophagus in preparations precontracted with carbachol.

2 In tissues treated with pargyline (1004M) and in the presence of corticosterone (30 uM) and cocaine
(30 um) the potency of 5-HT and S-methoxytyramine (5-MeOT) was not changed but the maximum
response to these agonists was reduced. Thus there was no evidence of metabolism and/or uptake through
an amine depleting mechanism.

3 The relaxant concentration-effect curves to 5-HT were shifted to the left in a concentration-related
manner by isobutylmethylxanthine (1 and 10uM), suggesting the involvement of adenosine 3':5'-cyclic
monophosphate in these responses.

4 5-HT produced concentration-related relaxations of rat oesophagus with an EC,, value of 0.24 um.
Several indole agonists were tested and the following rank order of potency of key agonists obtained:
5-HT > a-methyl-5-hydroxytryptamine = S-carboxamidotryptamine (5-CT) > 5-MeOT. In contrast, 2-
methyl-5-hydroxytryptamine, sumatriptan and 8-hydroxy-2-(di-n-propylamino) tetralin were weak or
inactive.

5 The substituted benzamides, metoclopramide, cisapride, renzapride and R,S-zacopride acted as partial
agonists, producing 60-70% of the 5-HT maximum.

6 The relaxation responses to 5-HT were neither inhibited by antagonists selective for 5-HT, or 5-HT,
receptors nor by the S-HT, receptor antagonists, ondansetron, granisetron or MDL 72222.

7 The relaxation responses induced by 5-HT, 5-CT, 5-MeOT and renzapride were selectively inhibited
by high concentrations of ICS 205-930 with pKj values of approximately 6.

8 The 5-HT receptor mediating relaxation in rat oesophagus cannot be designated 5-HT,, 5-HT, or
5-HT, under the current 5-HT classification, but the observed effects are consistent with stimulation of

the putative 5-HT, receptor.

Keywords: S5-hydroxytryptamine receptor; relaxation; rat oesophagus

Introduction

It has been observed that S-hydroxytryptamine (5-HT) pro-
duces relaxation of rat isolated oesophageal muscularis
mucosa precontracted with muscarinic agonists (Bieger &
Triggle, 1985). This relaxation was not antagonized by methy-
sergide, metergoline or ketanserin suggesting that 5-HT, and
5-HT, receptors, as classified by Bradley et al. (1986), were not
involved in the response. Additionally, Bieger & Triggle (1985)
reported that the relaxation induced by 5-HT was not affected
by tetrodotoxin suggesting that it was unlikely that neuronal
5-HT, receptors were involved in this response. However, in
contrast with this latter observation it has recently been found
that the selective 5-HT; receptor antagonists, MDL 72222,
granisetron and ICS 205-930, inhibit the effect of 5-HT in this
preparation (Triggle et al., 1988).

The aim of the present study was to characterize further the
receptor type mediating the S-HT-induced relaxation of rat
oesophagus by use of selective agonists and antagonists. A
preliminary account of this work has been presented to the
British Pharmacological Society (Reeves et al., 1989).

Methods

Female Wistar rats weighing between 120-180 g were killed by
cervical dislocation, the abdomen opened and the most distal
2cm of the oesophagus removed. The segments of oesophagus
(one from each animal), with muscle layers and mucosa intact,
were suspended in the longitudinal plane under an initial
tension of approximately 0.5g in a modified Krebs-Henseleit
solution at 32°C gassed with 95% O,/5% CO,. The ionic

! Author for correspondence.

composition of the Krebs-Henseleit solution (in mm) was
NaCl 118.5, NaHCO,; 25.0, KCl 4.7, MgSO, 0.6, KH,PO,
1.2, CaCl, 1.3 and glucose 11.1. This solution routinely con-
tained indomethacin (3 uM) and except in experiments specifi-
cally aimed at investigating the effects of ketanserin, it
contained ketanserin (1 uM).

Effects of agonists and antagonists

The oesophageal preparations were contracted by addition of
a submaximal concentration of carbachol (1um) to the
bathing solution, and on establishing a stable contractile
response, a concentration of 5-HT was added. Once the
maximum relaxation response to that concentration of 5-HT
was obtained, higher concentrations were added in a cumula-
tive manner to produce cumulative concentration-effect curves
to 5S-HT.

In agonist studies, a cumulative concentration-effect curve
to 5-HT was constructed followed either by a second curve to
5-HT in control experiments, or by a curve to the test agonist.
The relative potencies of the agonists were compared with
5-HT at the 50% response level for the 5-HT control
concentration-effect curve. In antagonist studies, a control
concentration-effect curve to an agonist was constructed fol-
lowed by a test curve in the presence of the antagonist.
Having established a stable contraction to carbachol (1 um),
antagonists were equilibrated for 30 min before construction
of the test agonist concentration-effect curve.

In some experiments, following the construction of control
curves to 5-HT or S-methoxytryptamine (5-MeOT) as
described above, the tissues were treated with pargyline
(100 um) for 30min and then washed several times in fresh
Krebs solution before the second application of carbachol. In
these pargyline-treated preparations the effect of a mixture of
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corticosterone (30 uM) and cocaine (30 uM) on the responses
mediated by 5-HT or 5-MeOT was investigated (as described
above for antagonist studies). In separate experiments, the
effect of isobutylmethylxanthine (IBMX, 1 and 10 M) on the
relaxant responses to S-HT was investigated.

In all experiments, following the construction of the control
concentration-effect curve, the preparations were washed with
fresh Krebs solution and allowed to recover for at least 1h,
with further washes, before re-contracting with carbachol
prior to the construction of the test curve.

Selectivity of antagonists

Antagonists that inhibited 5S-HT-induced relaxations were also
tested against isoprenaline-induced relaxations. Control
cumulative concentration-effect curves to isoprenaline were
constructed in carbachol-contracted preparations, followed by
test curves in the presence of the antagonist, as described
above for 5-HT.

Analysis of results

The relaxant responses are expressed as a percentage
(arithmetic mean + s.e.mean) of the maximum response
obtained in the appropriate control concentration-effect curve.
Equipotent molar ratios and EC,, values were calculated
graphically for each preparation from the 50% response level
and expressed as geometric means with 95% confidence limits
in parentheses. The negative logarithm of the apparent disso-
ciation constant for an antagonist (pKg) was estimated by cal-
culation of the mean (4 95% confidence limits) of the
individual  results: pKg=1log (dose-ratio — 1) — log
(antagonist concentration). The number of observations is
indicated by n.

Drugs

Drugs obtained from commercial sources were 5-
methoxytryptamine hydrochloride (5-MeOT, Sigma), 5-
hydroxytryptamine hydrochloride (5-HT, Sigma), 8-hydroxy-
2-(di-n-propylamino)tetralin (8-OH-DPAT, Research Bio-
chemicals Incorporated), carbachol chloride (BDH
Chemicals), cisapride (Janssen), cocaine hydrochloride (May &
Baker Ltd), cyanopindolol (Sandoz), (3a-tropanyl)-1H-indole-
3-carboxylic acid ester (ICS 205-930, Research Biochemicals
Inc.), corticosterone (Sigma), ketanserin tartrate (Janssen),
1aH,3a,5«H-tropan-3yl-3,5-dichloro-benzoate (MDL 72222,
Research Biochemicals Inc), 3-isobutyl-1-methylxanthine
(IBMX, Aldrich Chemical Company Ltd), isoprenaline bitar-
trate dihydrate (Ward Blenkinsop), mesulergine (Sandoz),
metergoline (Farmitalia), methiothepin maleate (Roche),
methysergide hydrogen maleate (Sandoz), metoclopramide
hydrochloride (Sigma), pargyline hydrochloride (Abbott
Laboratories Ltd), spiperone (Janssen) and tetrodotoxin
(Sigma).

Drugs synthesized by Glaxo Group Research Ltd were a-
methyl-5-hydroxytryptamine maleate («x-Me-5-HT), 2-methyl-
5-hydroxytryptamine hydrochloride monohydrate (2-Me-5-
HT), S5-carboxamidotryptamine maleate (5-CT), 1,2,3,9-
tetrahydro - 9 - methyl - 3 - [ - 2 - methyl - 1H - imidazol - 1 - yl)
methyl]-4H-carbazole-4-one  hydrochloride (ondansetron;
GR38032F), 3-[2-dimethyl-amino]ethyl-N-methyl-1H-indole-
5-methane sulphonamide (sumatriptan; GR43175), endo-4-
amino-5-chloro-2-methoxy-N-(1-azabi-cyclo[3.3.1] non-4-yl)
benzamide hydrochloride (renzapride; BRL24924), endo-4-(9-
methyl-9-azabicyclo[3.3.1]Jnon-3-yl)-1-methyl-1H-indazole - 3 -
carboxamide hydrochloride (granisetron; BRL43694), and
(R,S)-zacopride hydrochloride.

Results
Effects of 5-hydroxytryptamine receptor agonists

A submaximal concentration of carbachol (1 uM) produced a
well maintained contraction (of between 1-2g) for at least

60min. 5-HT (0.01-10um) produced concentration-related
relaxations with a mean EC,, value of 0.24 (0.19-0.29) um and
a mean maximum reduction of the carbachol tone of
52.3 + 3.2% at 10 uM (n = 16); concentrations of 5-HT above
10uM produced no further relaxation. The S-HT responses
were reproducible and two similar consecutive concentration-
effect curves could be obtained in each preparation (Figure 1);
thus the response to 5-HT did not change with time.

The effects of the combination of corticosterone (30 uM) and
cocaine (30 uM) on responses to 5-HT or 5-MeOT in pargyline
(100 um)-treated preparations are shown in Figure 2. Treat-
ment with pargyline, corticosterone and cocaine failed to shift
the concentration-effect curves to 5-HT (ED,, values of
0.29(0.12-0.67) and 0.26(0.17-0.40) uM) or 5-MeOT (EC,,
values of 7.3(4.8-11.2) and 7.2(4.3-12.5) um) for control and
test curves respectively, however, these compounds did
produce marked reductions in the maximum responses to
5-HT and 5-MeOT of 27.2 + 6.0% and 56.5 + 2.8% (each
n = 4) respectively. These reductions in carbachol tone com-
plicated the analysis of the responses to 5-HT and 5-MeOT,
and indeed this necessitated comparison of EC,, values for
5-MeOT since the maximum response to 5-MeOT after the
drug additions did not achieve 50% of the control curve. In
addition, although treatment with pargyline did not affect the
size of the contraction to carbachol, the administration of
corticosterone and cocaine resulted in an inhibition of
36.9 + 2.7% (n = 8) of the carbachol tone. Preliminary experi-
ments investigating the effects of cocaine alone indicated that
the effects observed with the aforementioned mixture of com-
pounds were predominantly due to the action of cocaine.
Cocaine (10 uM) alone produced a reduction in carbachol tone
of 20.5 + 34% and caused a 27.2 + 4.0% decrease in the
5-HT (10 uM) maximum (n = 4).

The effects of IBMX on the relaxant response to 5-HT are
shown in Figure 3. IBMX alone (1 and 10 M) had no direct
relaxant effect but produced a concentration-related poten-
tiation of the responses to 5-HT resulting in leftward shifts of
3.6(1.2-11.2) at 1 uM and 7.6(1.3-43.4) at 10um of the 5-HT
concentration-effect curves.

The effects of 5-HT and other 5-HT receptor agonists are
shown in Figure 4 and are summarised in Table 1. The effects
of 5-HT were mimicked by 5-CT (0.1-100 um) and a-Me-5-HT
(0.1-100 uM) which exhibited equipotent molar ratios of
approximately 20, and also by 5-MeOT with an equipotent
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Figure 1 The relaxant effect of repeated cumulative concentration-
effect curves to 5-hydroxytryptamine (5-HT) in carbachol-contracted
rat oesophagus. (@) Control curve 1; (Q) control curve 2. Each point
is the mean of 6 observations; s.e.mean shown by vertical bars.
Results expressed as % of curve 1 maximum.
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Figure 2 The effect of the combination of 100uM pargyline (Par),
30 uM corticosterone (Cor) and 30uM cocaine (Coc) on the relaxant
responses to (a) S-hydroxytryptamine (5-HT) and (b) S5-
methoxytryptamine (5-MeOT). (@) Control concentration-effect curve
to 5-HT and (Q) in the presence of Par + Cor + Coc. () Control
curve to 5-MeOT and ([J) in the presence of Par + Cor + Coc. Each
point is the mean of 4 observations; s.c.mean shown by vertical bars.
Results are expressed as % of respective control maxima.
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Figure 3 The effect of isobutylmethylxanthine (IBMX) on 5-
hydroxytryptamine (5-HT) responses in rat oesophagus. (@) Control
5-HT responses (n = 6) and the effect of 5-HT in the presence of (OJ)
1um IBMX and (QO) 10uM IBMX (each n = 3). Each point is the
mean with s.e.mean shown by vertical bars.
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Figure 4 The effect of 5-hydroxytryptamine (5-HT) and other 5-HT

~ receptor agonists (indole derivatives) in the rat oesophagus. (@)

Control S5-HT (n=24) and the agonist effect of (Q) 5-
carboxamidotryptamine; ([J) a-methyl-5-HT; (A) S-methoxy-tryp-
tamine; (@) 2-methyl-5-HT; (A)sumatriptan and (<©)8-hydroxy-2-
(di-n-propylamino)tetralin. Each point is the mean of 4 observations
(s.e.mean shown by vertical bars) calculated as a percentage of the
control 5-HT maximum.

molar ratio of 90. The maximum responses to these agonists
were close to that produced by 5-HT. The other agonists
tested, 2-Me-5-HT, 8-OH-DPAT and sumatriptan were weak
or inactive at concentrations up to 100 uM. The rank order of
potency of the 5-HT agonists tested was: 5S-HT > a-Me-5-
HT = 5-CT > 5-MeOT > 2-Me-5-HT = sumatriptan = 8-OH-
DPAT.

In addition to the effect of the indole analogues of 5-HT,
the agonist effects of four substituted benzamides, metoclopra-
mide, cisapride, renzapride and R,S-zacopride were investi-
gated and the results obtained are shown in Figure 5 and
summarised in Table 1. Each of the benzamides acted as a
partial agonist producing approximately 60-70% of the 5-HT
maximum, although it must be pointed out that the apparent
partial agonist activity of metoclopramide and cisapride could
not be examined thoroughly because high concentrations
(> 100 um) produced a non-specific relaxation of the carbachol
tone that could not be inhibited by ICS205-930 (see below).

Effects of 5-hydroxytryptamine receptor antagonists

A wide range of 5-HT receptor antagonists with some degree
of selectivity for the different 5-HT receptor subtypes have
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Figure 5 The agonist effect of 5-hydroxytryptamine (5-HT) and cer-
tain substituted benzamides in rat oesophagus. (@) Control 5-HT
responses (n = 16) and the agonist responses of (A) renzapride; (O)
R,S-zacopride; (M) cisapride and ([J) metoclopramide (n = 4). Each
point is the mean (s.e.mean shown by vertical bars) calculated as a
percentage of the 5-HT maximum.
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Table 1 Summary of the effects of 5-hydroxytryptamine (5-HT) receptor agonists in rat isolated ocsophagu§

5-HT receptor

Equipotent molar

ratio where 5-HT = 1 % 5-HT maximum

selectivity
Agonist as agonists
5-HT Non-selective
5-CT 5-HT,
a-Me-5-HT 5-HT,
5-MeOT Non-selective

(but inactive

at 5-HT,)
Renzapride 5-HT,?
R,S-zacopride 5-HT,?
Cisapride S-HT,?
Metoclopramide 5-HT, ?
Sumatriptan 5-HT,
8-OH-DPAT 5-HT,,
2-Me-5-HT 5-HT,

(95% confidence limits) responses*
1.0 100+ 0
20.1 87.1 +4.1
(7.9-51.5)
15.6 93.6 + 5.6
(12.6-19.4)
90.4 883 + 1.7
(729-112.1)
16.5 61.5 + 3.1
(6.8-40.2)
317 705 + 3.5
(17.5-56.5)
90.9 7334+ 2.6
(61.6-134.2)
84.2 69.0 + 2.9
(16.8-175.0)
>300 386+ 74
>300 412+ 23
>300 360+ 54

5-CT: 5-carboxamidotryptamine; a-Me-5-HT: a-methyl-5-HT; 5-MeOT: S-methoxytryptamine; 8-OH-DPAT: 8-hydroxy-2-(di-n-propy-

lamino)tetralin; 2-Me-5-HT: 2-methyl-5-HT.

* at 100 uM, except for 5-HT (10 uM), a-Me-5-HT (30 uM) and 5-MeOT (300 um).

been tested against the 5-HT-induced relaxation response in
rat oesophagus. Those antagonists exhibiting no inhibitory
effect are shown in Table 2. High concentrations of antago-
nists with affinity for 5-HT,-like, 5-HT, and 5-HT, receptors
were without effect, as was the sodium ion channel blocker,
tetrodbtoxin (Narahashi, 1972).

In contrast to the results obtained with the three 5-HT,
receptor antagonists, ondansetron, MDL 72222 and gran-
isetron (Table 2), a fourth compound, ICS 205-930, did
produce antagonist effects. ICS 205-930 (1 and 10 um) produc-
ed concentration-related, rightward shifts of the 5-HT
concentration-effect curves with no depression of the
maximum response to S-HT. From these data pKp values of
approximately 6 were determined (Table 3), although it must
be emphasised that the data were not consistent with a Schild
slope of unity and thus ICS 205-930 did not appear to behave

as a truly competitive antagonist under these conditions. ICS
205-930 (at 3uM) was also tested against cumulative
concentration-effect curves to 5-MeOT, 5-CT and renzapride.
ICS 205-930 produced rightward shifts of these agonist curves
with no depression of their maxima. From these data mean
pKp values of approximately 6 were again calculated (Table
3).

Isoprenaline (0.01-3 um) elicited concentration-related and
reproducible relaxations with mean EC;, values (um) of 0.19
(0.13-0.29) and 0.28 (0.24-0.32) respectively for consecutive
curves, and at 3uM produced a complete reversal of the
carbachol-induced contraction. ICS 205-930 (10 um) produced
no significant inhibition of the responses to isoprenaline with
a mean concentration-ratio of only 1.2 (0.8-1.9) compared to
the control curve, a value not significantly different from
unity.

Table 2 Summary of antagonists with no inhibitory effect on 5-hydroxytryptamine (5-HT)-induced relaxation in rat isolated oesoph-

agus (n = 4 throughout)

Antagonist
Compound selectivity
Spiperone 5-HT,,/5-HT,
Cyanopindolol 5-HT,,/5-HT
Mesulergine 5-HT,/5-HT,
Methysergide 5-HT,-like/5-HT,
Methiothepin 5-HT,/5-HT,
Metergoline 5-HT,/5-HT,
Ketanserin 5-HT,
Ondansetron 5-HT,
Granisetron 5-HT,
MDL 72222 5-HT,
Tetrodotoxin Na* channel

blocker

Concentration

Concentration ratio
tested (95% confidence
(um) limits)
1.0 1.0
(0.5-2.0)
1.0 14
(0.9-2.3)
1.0 09
(0.7-1.3)
10 1.0
0.4-2.9)
0.3 1.0
(0.5-1.8)
1.0 0.5
' (0.2-1.3)
1.0 04
(0.3-0.5)
1.0 1.1
0.5-2.4)
10 1.8
(0.9-3.6)
1.0 1.0
(0.8-1.2)
03 038
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Table 3 Mean pKj values for ICS 205-930 against 5-hydroxytryptamine (5-HT) receptor agonists in rat oesophagus

Concentration

ICS 205-930

Agonists tested
used (um) n
5-HT 1.0 6

10 6
5-CT 30 3
5-MeOT 30 3
Renzapride 30 4

5-CT: S-carboxamidotryptamine; 5-MeOT: 5-methoxytryptamine.

At the concentrations tested, none of the antagonists, with
the exception of ICS 205-930, had any obvious effect on the
carbachol-induced contractions. ICS 205-930 at 10 um produc-
ed a small inhibition of 19.0 + 1.3% of the carbachol tone, but
had no effect at 1 and 3 um.

Discussion

The present study has shown that 5-HT produces
concentration-related and reproducible relaxations of rat
oesophagus precontracted with carbachol, and this is in agree-
ment with the work of Bieger & Triggle (1985). This response
is apparently mediated through a direct effect on the smooth
muscle, a neuronal component being unlikely since tet-
rodotoxin had no effect.

Since 5-HT can be a substrate for amine uptake processes
and can be degraded by monoamine oxidase, the rank order
of potency of S-HT receptor agonists might have been affected
by the degree of uptake and/or metabolism of each agonist.
Therefore the effect of the irreversible monoamine oxidase
inhibitor, pargyline, and the amine uptake inhibitors cortico-
sterone and cocaine on the relaxant responses to both 5-HT
and 5-MeOT was investigated. The addition of high concen-
trations of pargyline, corticosterone and cocaine produced no
potentiation of the responses to either 5S-HT or 5-MeOT in
this study suggesting that if uptake did occur, it did not sig-
nificantly modify relaxation under the conditions of these
experiments. However, the mixture of these inhibitors did
cause a reduction in the maximum response obtained to
5-HT, and more markedly to 5-MeOT (Figure 2), an effect
that could be due in part to the large inhibition of the
carbachol-induced tone produced by the addition of cortico-
sterone and cocaine although, why the maximum response to
5-MeOT was reduced more than that to 5-HT cannot be
explained. This reduction in carbachol tone complicated the
analysis of the responses to 5S-HT and 5-MeOT, but with this
caveat in mind there was no evidence of potentiation of the
relaxant responses to these agonists. Preliminary experiments
suggested that these inhibitory effects were predominantly
caused by cocaine, possibly through its local anaesthetic activ-
ity. These inhibitors were not used in subsequent experiments.

Concentration
ratio
(95% confidence limits) pK g value
31 63+ 0.1
(1.7-5.5)
1.5 58+0.1
(2.6-21.1)
6.4 6.2 + 0.2
(1.1-38.4)
36 59+ 0.1
(2.6-5.1)
42 6.0 + 0.2
(1.3-13.1)

The relaxant responses to 5-HT were mimicked by 5-CT,
a-Me-5-HT and 5-MeOT which produced responses close to
the 5-HT maximum whereas 2-Me-5-HT, sumatriptan and
8-OH-DPAT were weak or inactive. As shown in Table 4 the
rank order of potency of the key agonists was not typical of a
5-HT,, 5-HT, or 5-HT;-receptor. In addition, the very weak
activity of sumatriptan and 8-OH-DPAT confirms that the
5-HT,-like receptor characteristic of the dog saphenous vein
(Feniuk et al., 1985) and the 5-HT,, receptor (Hoyer et al.,
1985) were not involved. Furthermore, these deductions
derived from agonist data are confirmed by the lack of effect
of high concentrations of 5-HT,, 5-HT, and most of the
5-HT, receptor antagonists (Table 2).

The finding that the substituted benzamides, metoclopra-
mide, R,S-zacopride, cisapride and renzapride were partial
agonists in rat oesophagus was of particular interest, although
high concentrations (100 um) of metoclopramide and cisapride
could not be used since non-specific relaxant responses
occurred which were not inhibited by ICS 205-930, 10uM
(unpublished observations). Preliminary studies in our labor-
atory (Reeves et al., 1989) and by others (Triggle et al., 1988)
have previously found that the benzamides were
unsurmountable antagonists of 5-HT in rat oesophagus.
Although we cannot comment on the work of Triggle et al.
(1988), we believe that our preliminary results (Reeves et al.,
1989) with the benzamides were misleading. In these early
experiments the benzamides were administered prior to car-
bachol and only tested as antagonists using an experimental
protocol that would not have clearly identified any direct
agonist effects. In the present studies the carbachol-induced
tone was established before the addition of the benzamides,
and this has allowed a quantitative study of agonist effects.
The antagonist effects of the benzamides previously observed
(Reeves et al., 1989), were probably attributable to the affinity
of the benzamides for the 5-HT receptor in rat oesophagus
which then restricted the access of, and responses to, S-HT.

The lack of involvement of 5-HT, and 5-HT, receptors in
the relaxant response to 5-HT in the present study is in agree-
ment with the results reported by Bieger & Triggle (1985).
However, particularly interesting observations are derived
from closer inspection of the effects of 5-HT; receptor antago-
nists. In our study, the 5-HT, antagonists MDL 72222

Table 4 Rank order of agonist potency of selective compounds at 5-hydroxytryptamine (5-HT) receptor subtypes

Receptor
subtype

5-HT,-like (contraction)
5-HT,-like (relaxation)
5-HT,

5-HT,

Rat oesophagus

Agonist potency

5-CT > 5-HT > aMe-5-HT > 2-Me-5-HT =0

5-CT » 5-HT » 2-Me-5-HT = a-Me-5-HT =0
5-HT = a-Me-5-HT > 5-CT > 2-Me-5-HT
5-HT = 2-Me-5-HT > a-Me-5-HT » 5-CT

5-HT > a-Me-5-HT = 5-CT » 2-Me-5-HT >0

References

Feniuk et al. (1985)
Humphrey (1984)
Humphrey (1984)
Humphrey (1984)
This study

5-CT: 5-carboxamidotryptamine; a-Me-5-HT: a-methyl-5-HT; 2-Me-5-HT: 2-methyl-5-HT.
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(Fozard, 1974) and granisetron (Sanger & Nelson, 1989) did
not affect the response to S-HT. These results contrast with
those of Triggle et al. (1988) who found that these compounds
were potent antagonists of 5-HT in the rat isolated oeso-
phageal muscularis mucosa. This discrepancy is difficult to
explain; the present study used whole sections of rat oesoph-
agus whereas Triggle et al. (1988) used only the muscularis
mucosa, a preparation where the external striated muscle
layers are removed. However, preliminary work in our labor-
atory would show no difference between the two isolated
oesophagus preparations in this respect (unpublished
observations). Indeed, 2-Me-5-HT was a weak agonist in both
the present study and that of Triggle et al. (1988) and this
result, taken with the lack of effect of ondansetron (Table 2),
makes it unlikely that S-HT, receptors are involved in the
relaxant responses to 5-HT in rat oesophagus.

In contrast to the results obtained for ondansetron, gran-
isetron and MDL 72222, high concentrations of the 5-HT,
receptor antagonist ICS 205-930 (Richardson et al., 1985) pro-
duced concentration-related antagonism of the 5-HT-induced
relaxations. From these data pKy values of approximately 6
were calculated, and although it did not appear to behave as a
truly competitive antagonist against 5-HT, this is much lower
than the reported affinity constant for ICS 205-930 at 5-HT,
receptors in rat tissues where a pA, value of approximately
8.5 was obtained (Butler et al., 1988). It therefore appears that
ICS 205-930 interacts with a non-5-HT, receptor site in rat
oesophagus. In addition to the effect of ICS 205-930 against
5-HT, a high concentration of ICS 205-930 also inhibited the
relaxant responses to 5-CT, 5-MeOT and the benzamide, ren-
zapride, again with pK values of approximately 6. The effects
of ICS 205-930 were selective, since relaxant responses to iso-
prenaline were unaffected. The consistency of these pKy values
for ICS 205-930 suggests that both the indole and benzamide
agonists were interacting with the same single population of
receptors. As in the present study, high concentrations of ICS
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Separation of two pathways for calcium entry into chromaffin

cells
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1 The effects of various drugs on *“*Ca + “°Ca uptake into cultured bovine adrenal chromaffin cells
evoked by 1,1-dimethyl-4-phenylpiperazinium (DMPP) or high K, were studied. In the presence of 1 mM
external *°Ca, with *Ca as a radiotracer, unstimulated cells took up an average of 0.13 fmol/cell *°Ca and
772 c.p.m./108 cells of **Ca (n = 76). Upon stimulation with DMPP (100 uM for 60s) or K (59 mm for 60s),
Ca uptake increased to 0.92 and 1fmol/cell, respectively.

2 Flunarizine behaved as a potent blocker of both DMPP- and K-evoked Ca uptake (IC,, of 1.76 and
1.49 uM, respectively for DMPP and K). A similar picture emerged with Cd ions, though Cd exhibited an
IC,, against K (1.86 uMm) slightly lower than the IC,, against DMPP (8.14 um).

3 Clear cut differences were observed with amiloride, guanethidine, nimodipine and nisoldipine which
behaved as selective blockers of DMPP-mediated Ca uptake responses: IC;, values to block DMPP
effects were 290, 27, 1.1 and 1.63 uM respectively for amiloride, guanethidine, nimodipine and nisoldipine.
Amiloride blocked K-evoked Ca uptake by only 35% and guanethidine did not affect it. Nisoldipine
inhibited K-evoked Ca uptake only partially at low concentrations (about 30%); a second blocking com-
ponent was observed at the highest concentration used (10 uMm). At 10 uM, nimodipine blocked K-evoked
Ca uptake by 50%.

4 Thus, it seems that the nicotinic receptor mediated Ca uptake pathway can be pharmacologically
separated from the K-activated pathway. The results are compatible with the hypothesis that in cultured
bovine adrenal chromaffin cells, stimulation of nicotinic receptors recruits a single type of Ca channel
which is sensitive to flunarizine, Cd, amiloride, guanethidine, nimodipine and nisoldipine. The results also
suggest that K depolarization might be recruiting in addition to this channel, another Ca channel which is
highly sensitive to Cd and flunarizine, resistant to nisoldipine, nimodipine and amiloride, and insensitive
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to guanethidine.

Keywords: Chromaffin cells; calcium channels; flunarizine; guanethidine; amiloride; nisoldipine; nimodipine; cadmium

Introduction

Douglas & Rubin (1961) first demonstrated that acetylcholine
or high K concentrations triggered adrenal medulla catechol-
amine release by activating a Ca channel located on the chro-
maffin cell plasmalemma. Since both nicotinic stimulation and
direct depolarization activate Ca uptake and secretion in a
parallel manner (Douglas & Poisner, 1962; Kilpatrick et al.,
1982; Holz et al., 1982; Artalejo et al., 1986), it seemed likely
that with both types of stimuli, voltage-dependent Ca chan-
nels were used for Ca entry. These channels were demon-
strated to be present in chromaffin cells by means of
whole-cell recordings of Ca currents by use of patch-clamp
techniques (Fenwick et al., 1982).

On pharmacological grounds (i.e. inhibition of secretion by
specific Ca channel antagonists) it seemed to us that both
nicotinic and high-K-mediated catecholamine release were
triggered by the same type of Ca channels (Cefia et al., 1983).
This is supported by the observation that (+)-isradipine (a
1,4-dihydropyridine derivative) blocks the nicotinic response
only in the presence of Na (Cardenas et al., 1988; Abajo et al.,
1989). Therefore, it is likely that Na entering through the
acetylcholine receptor ionophore (Amy & Kirshner, 1982;
Wada et al., 1985) causes cell depolarization and opening of
Ca channels. Up to now, this picture has implied that external
Ca entering chromaffin cells stimulated via nicotinic receptors
or high K uses the same end pathway, i.e. a voltage-sensitive
Ca channel of the L-subtype.

We present pharmacological data in this paper that call for
a reconsideration of this widely accepted picture. By using flu-
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narizine (a piperazine derivative), Cd (an inorganic Ca channel
blocker), amiloride (a K-sparing diuretic), guanethidine (a
sympathetic neuronal blocker), nimodipine and nisoldipine (1,
4-dihydropyridine derivatives) we demonstrate here that Ca
channels recruited by nicotinic- or high-K stimulation can be
pharmacologically separated.

Methods

Preparation of chromaffin cells

Bovine adrenomedullary chromaffin cells were isolated follow-
ing standard methods (Livett, 1984) with the following modifi-
cations: (a) once in the cell culture unit, adrenal glands were
washed three times with Ca- and Mg-free Locke buffer (mM:
NaCl 154, KCl 5.6, NaHCO, 3.5, glucose 11 and HEPES
buffer 10, at pH 7.2) at room temperature; (b) digestion of
adrenal medulla was carried out by injecting 5 ml of a solution
containing 0.25% collagenase, 0.5% bovine serum albumin
and 0.01% soybean trypsin inhibitor in Ca-Mg-free Locke
buffer, and incubating the glands at 37°C for 15 min; this pro-
cedure was repeated thrice; (c) collagenase was washed out
with a large volume of Ca-Mg-free Locke buffer and then cells
were filtered first with a 217 um and thereafter with a 80 um
nylon mesh; (d). cells resuspended in Ca-Mg-free Locke buffer
were placed on self-generated Percoll gradients containing
19ml Percoll (17.1 ml Percoll plus 1.9 ml 10fold concentrated
Ca-Mg-free Locke buffer at pH 5), plus 21 ml of cell suspen-
sion (about 50-100 x 10° cells); the final pH of the mixture
was 7.2. The mixture was centrifuged at 13,000r.p.m. for
20 min (rotor SS-34, Sorvall centrifuge Model RC-5) at 22°C.
Then, the lower band of the gradient (enriched in adrenaline-
containing cells, Moro et al., 1990) was taken, washed once
with Ca-Mg-free Locke buffer and a second time with Dul-
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becco’s modified Eagle’s medium (DMEM). Finally, cells were
resuspended in DMEM supplemented with 10% foetal calf
serum, 10 uM cytosine arabinoside, 10 um fluorodeoxiuridine,
50uml~! penicillin and 50 ugml~! streptomycin. Cells were
plated at a density of 1 x 10 cells/well in 24 multiwell Costar
plates and incubated at 37°C in a water-saturated, 5%
CO,/95% air atmosphere. Medium was changed 24h later
with fresh DMEM. Viability of the cells (usually greater than
90%) was estimated by Trypan blue exclusion.

Calcium uptake into chromaffin cells

Calcium uptake studies were carried out in cells after 2-3 days
in culture. Before the experiment, cells were washed twice with
0.5ml Krebs-HEPES solution (composition (mM): NaCl 140,
KCl 5.9, MgCl, 1.2, CaCl, 1.0, glucose 11, HEPES 10, at pH
7.2) at 37°C. 45Ca uptake into chromaffin cells was studied by
incubating the cells at 37°C with 43CaCl, at a final concentra-
tion of 4uCiml~! in the presence of Krebs-HEPES (basal
uptake), high K solution (Krebs-HEPES containing 59 mMm
KCl with isosmotic reduction of NaCl) or DMPP solution
(Krebs-HEPES with 100 uM final concentration of the nicotin-
ic receptor agonist, 1,1-dimethyl-4-phenyl-piperazinium,
DMPP). This incubation was carried out during 1 min and at
the end of this period the test medium was rapidly aspirated
and the uptake reaction was ended by adding 0.5ml of a cold
Ca-free Krebs-HEPES containing 10mMm LaCl; . Finally, cells
were washed 5 times more with 0.5ml of cold Ca-free Krebs-
HEPES containing 10mm LaCl,; and 2mM EGTA, at 15s
intervals.

To measure radioactivity retained by chromaffin cells, the
cells were scraped with a plastic pipette tip while adding 0.5 ml
10% trichloroacetic acid, 2ml of scintillation fluid (Ready
Micro, Beckman) was added and the samples counted in a
Packard beta counter. Results are expressed as counts min ™!
per 10° cells, fmol of total Ca taken up by a single cell or
normalized as % of Ca taken up by control cells.

When possible, ICqs for each drug to block DMPP or K-
evoked *3Ca uptake were estimated through non-linear
regression analysis of inhibition curves, using a GraphPAD
programme from ISI software, for a PC computer.

Materials and solutions

The following materials were used: collagenase from Clostrid-
ium histolyticum (Boehringer-Mannheim); bovine serum
albumin fraction V, soybean trypsin inhibitor, cytosine ara-
binoside, fluorodeoxiuridine, guanethidine, amiloride, DMPP,
EGTA (Sigma); Percoll (Pharmacia); DMEM, foetal calf
serum, penicillin and streptomycin (GIBCO); scintillation
fluid Ready micro (Beckman); *°Ca (Specific activity 10-
40mCimg~! calcium, Amersham). All other chemicals were
reagent grade. Amiloride, nimodipine, nisoldipine and flunari-
zine were dissolved in ethanol, and diluted in saline solutions
to the desired concentrations. Experiments were performed
under sodium lighting.

Results

Cell calcium uptake: signal to noise ratio

Figure 1 shows the increase in “*Ca uptake by cells stimulated
with increasing concentrations of DMPP or K. The threshold
concentration for DMPP was 3um and for K, 17,7mum; the
maximum effect was obtained with 100 um DMPP and 59 mm
K. Therefore, these concentrations were selected to perform
the following experiments.

We wished to compare the effects of various drugs on
DMPP- and K-evoked Ca uptake. Thus, concentrations of
the stimulants provoking maximal signals were selected
(Figure 2). DMPP (100 um for 60s) induced “*Ca uptake (in
the presence of 1 mm “°Ca) of 5663 + 407 c.p.m./10° cells (data
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Figure 1 4°Ca uptake into chromaffin cells stimulated with increas-
ing concentrations of 1,1-dimethyl-4-phenylpiperazinium (DMPP) (a)
or K (b). Cells in different wells were exposed to different concentra-
tions of DMPP or K (abscissa scale) for 60s. 5Ca uptake is expressed
in net c.p.m./well (ordinates); basal >Ca taken up by resting cells was
subtracted from evoked “3Ca uptake. Data are means of 8 wells from
two separate batches of cells; s.e.mean shown by vertical bars.

from 42 individual wells from 14 different batches of cells).
This figure represents 0.92 + 0.07 fmol of total Ca taken up by
a single chromaffin cell upon stimulation of its nicotinic recep-
tors during 60s.

High K concentrations (59 mM for 60s) produced compara-
ble signals. The average “°Ca taken up amounted to
6145 + 483 c.p.m./10° cells (data from 42 individual wells from

14 different batches of cells). This figure represents
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Figure 2 *°Ca uptake into resting or stimulated chromaffin cells.
45Ca retained by unstimulated cells (Basal) or cells stimulated with
1,1-dimethyl-4-phenylpiperazinium (DMPP, 100um for 60s) or K
(59 mm for 60s) is expressed in c.p.m./10° cells (ordinate scale). The
ratio DMPP/Basal was 7.3 and K/Basal, 7.9. Data are means of the
number of experiments shown in parentheses; vertical bars show
s.e.mean.



1.00 + 0.08 fmol of total Ca taken up by a single chromaffin
cell depolarized for 60s with 59 mm K.

In basal conditions (1 min incubation in Krebs-HEPES sol-
ution containing 4uCiml~! “5Ca plus 1mm “°Ca) cells
retained 771 + 35c.p.m. (data from 76 individual wells from
25 different batches of cells). In individual experiments, stimu-
lated cells took up about 5-10 fold the amount of *5Ca
retained by unstimulated cells. Thus, signal to noise ratio was
adequate to perform studies with increasing concentrations of
drugs to block Ca uptake.

Flunarizine blocks equally well DM PP- and K-evoked Ca
uptake into chromaffin cells

Flunarizine (Figure 3) inhibited DMPP- and K-evoked Ca
uptake into chromaffin cells in a concentration-dependent
manner. Full blockade was achieved at a concentration of
10 um. The IC,, to inhibit the DMPP response was 1.76 uM;
the K response exhibited an IC;, of 1.49 um.

Effects of cadmium on calcium uptake by chromaffin cells

Cd ions blocked both DMPP- and K-evoked Ca uptake into
chromaffin cells. The ICs, for the K response was 1.86 um and
that for DMPP 8.14 um (Figure 4). At 30 uM Cd, blockade of
45Ca uptake was complete with both stimuli.

Selective block by amiloride of the nicotinic
receptor-evoked calcium uptake into chromaffin cells

K-evoked Ca uptake into chromaffin cells was affected little
by increasing concentrations of amiloride; only at 1 mM, could
a 35% blockade be seen. In contrast, DMPP-evoked Ca
uptake was gradually inhibited by increasing concentrations
of this drug (Figure 5). The IC,, was 290 uM, and full blockade
of Ca uptake was achieved at 1 mm.

Selective inhibition by guanethidine of nicotinic
receptor-evoked calcium uptake into chromaffin cells

Guanethidine did not affect K-evoked Ca uptake into chro-
maffin cells; the Ca uptake mechanism was depressed by only
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Figure 3 Flunarizine blocks equally well the uptake of Ca into chro-
maffin cells stimulated with (Q) 1,1-dimethyl-4-phenylpiperazinium
(DMPP, 100 uM for 60s) or (@) K (59 mM for 605). Before stimulation,
cells were preincubated with each concentration of flunarizine for
10min. #3Ca uptake (ordinate scale) was normalized to 100% (**Ca
taken up by cells in the absence of flunarizine). Data are means of 4
triplicate experiments from different batches of cells; s.e.mean shown
by vertical bars.

CALCIUM CHANNELS IN CHROMAFFIN CELLS 1075

1004

50

45Ca uptake (% control)

T T T T T T
6.5 6 5.5 5 45 4

—log [Cadmium] (m)

Figure 4 Effects of Cd ions on **Ca uptake into chromaffin cells
evoked by (O) 1,1-dimethyl-4-phenylpiperazinium (DMPP, 100 uM for
60s) or (@) K (59 mM for 60s). Experimental protocol as in Figure 3
but here, Cd instead of flunarizine was used as blocking agent. Data
(normalized to 100% of control “>Ca uptake) are means of 4 triplicate
experiments done with cells from different batches; s.e.mean shown by
vertical bars.

20% at a concentration of 10uM. This concentration fully
blocked DMPP-evoked Ca uptake. In contrast to amiloride,
the inhibition curve was very steep (Figure 6). Guanethidine
had little effect on the Ca uptake mechanism in concentra-
tions up to 10uM; at 30 uM, 70% blockade was achieved. The
IC;, was 27 uM.

Effects of nimodipine and nisoldipine on nicotinic receptor
and K-evoked calcium uptake into chromaffin cells

Blockade of K-evoked “*Ca uptake by nimodipine and nisol-
dipine exhibited a biphasic pattern. At submicromolar con-
centrations, a 10-30% blockade was observed. Then, a second
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Figure 5 Effects of amiloride on **Ca uptake into chromaffin cells
stimulated - with (QO) 1,1-dimethyl-4-phenylpiperazinium (DMPP,
100 uM for 605s) or (@) K (59 mm for 60s). Experimental protocol as in
Figure 3. Data (normalized to 100% of control **Ca uptake) are
means of 4 triplicate experiments made with cells from different
batches; s.e.mean shown by vertical bars.
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Figure 6 Effects of guanethidine on “3Ca uptake into chromaffin
cells stimulated with (Q) 1,1-dimethyl-4-phenylpiperazinium (DMPP,
100 uM for 60s) or (@) K (59 mM for 60s). Experimental protocol as in
Figure 3. Data (normalized to 100% of control Ca uptake) are means
of 4 triplicate experiments made with cells from different batches;
s.e.mean shown by vertical bars.

component seemed to arise at concentrations between 3 and
10 uM (Figure 7). Because nisoldipine is a slowly acting dihy-
dropyridine derivative and these experiments were performed
with preincubation times of 10 min, we tested its effects on Ca
uptake after exposure of the cells to this drug for 90 min.
Figure 8 shows that the blocking effects of nisoldipine on K-
and DMPP-evoked Ca uptake were similar to those seen
when cells were pre-exposed to the drug for only 10min. The
IC,, to block DMPP-evoked Ca uptake in these conditions
was 1.63 nM, about 3 fold lower than with a 10 min preincuba-
tion. However, K-evoked Ca uptake was affected similarly
with a 10- or 90-min pre-incubation period with nisoldipine.
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Figure 7 Effects of nisoldipine on “3Ca uptake into chromaffin cells
evoked by (O) 1,1-dimethyl-4-phenylpiperazinium (DMPP, 100 um for
60s) or (@) K (59mMm for 60s). Nisoldipine was present for 10min
before and during stimulation of the cells with DMPP or K. Experi-
mental protocol as in Figure 3. Data (normalized to 100% of control
45Ca uptake) are means of 7 triplicate experiments made with cells
from different batches; s.e.mean shown by vertical bars.
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Figure 8 Effects of nisoldipine on 4°Ca uptake into chromaffin cells
evoked by (Q) 1,1-dimethyl-4-phenylpiperazinium (DMPP, 10 uM for
605s) or (@) K (59 mum for 60s). The experimental protocol was as in
Figure 7, but here each concentration of nisoldipine was present for
90min before and during stimulation of the cells with DMPP or K.
Data (normalized to 100% of control #3Ca uptake) are means of 2
triplicate experiments made with cells from different batches; s.e.mean
shown by vertical bars.

In the case of nimodipine, another dihydropyridine deriv-
ative, a partial blockade of K-evoked Ca uptake (about 50%
at 10 uM) was obtained. DMPP-evoked Ca uptake was com-
pletely blocked by nimodipine following a biphasic pattern
(Figure 9). At 30nM 30-40% blockade was obtained; then, at
pmolar concentrations, nimodipine blocked DMPP-evoked
Ca uptake completely (IC;, = 1.1 um).

Discussion

The various Ca?* channel blockers used in this study behave
quite differently when their effects on **Ca uptake into chro-
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Figure 9 Effects of nimodipine on **Ca uptake into chromaffin cells
stimulated by (O) 1,1-dimethyl-4-phenylpiperazinium (DMPP, 100 um
for 60s) or (@) K (59 mMm for 60s). Nimodipine was present for 90 min
before and during stimulation of the cells with DMPP or K*. The
rest of the experiment followed a protocol similar to that described in
Figure 3. Data are means of 2 triplicate experiments; s.e.mean shown
by vertical bars.



Table 1 IC,,s for various agents to block #Ca uptake into
chromaffin cells stimulated with 1,1-dimethyl-4-phenylpipera-
zinium (DMPP) or K

n DMPP K
Flunarizine 4 1.76 1.49
Cadmium 4 8.14 1.86
Amiloride 4 290 —
Guanethidine 4 27 —
Nisoldipine (10 min) 7 5, —
Nisoldipine (90 min) 2 2.63 —
Nimodipine 2 1.1 —

Values were calculated from the data in Figures 3-9, by a
non-linear regression analysis computer programme (see
Methods). IC,,s are expressed in uM; n shows the number of
experiments in triplicate from different batches of cells.

maffin cells, stimulated with DMPP or K, are studied (see
summary of IC,,s in Table 1). Bovine chromaffin cells may
contain two different populations of Ca channels; in our
experimental conditions, DMPP may recruit only one popu-
lation of those channels but high K may activate all available
channels. With this hypothesis in mind, our results could be
explained as follows.

Flunarizine blocks L and T channels in cardiac cells (Tytgat
et al., 1988); thus it seems to be a rather non-specific Ca
channel blocker, justifying in this manner its ability to block
DMPP- and K-evoked Ca uptake. The same applies to Cd, 4n
inorganic cation with little selectivity for Ca channel subtypes
(Tsien et al., 1988; Kostyuk, 1989). Though Cd seemed to
block better K-evoked Ca uptake, DMPP was also highly
sensitive to the cation.

A different picture can be drawn with the other drugs. Amil-
oride is reported to be a selective T-type Ca channel blocker
in cardiac cells (Tang et al., 1988). This might explain why this
molecule fully blocks DMPP-evoked Ca uptake, yet K effects
are affected little. A similar reasoning applies for nimodipine
and nisoldipine, two 1,4-DHP derivatives selectively blocking
L-type Ca channels in several excitable cells (Tsien et al.,
1988 ; Kostyuk, 1989). The drugs blocked DMPP effects much
more efficiently than the effects induced by K depolarisation.

A particular case can be made with guanethidine, a potent
blocker of noradrenaline release from sympathetic nerve ter-
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minals (Kirpekar, 1975) which, as far as we know, is not yet
catalogued as a Ca channel blocker. Guanethidine dissociated
the K from the DMPP response, blocking the nicotinic effects
but leaving intact the Ca pathway activated by direct depolar-
ization. Since adrenal chromaffin cells are quite similar, struc-
turally and functionally, to sympathetic neurones, it might be
that guanethidine is blocking N-type Ca channels which are
probably mediating transmitter release at sympathetic nerve
terminals (Lipscombe et al, 1989). If so, the Ca channel
recruited by nicotinic stimulation in bovine chromaffin cells
may be pharmacologically, similar to the N channel in sympa-
thetic neurones; and guanethidine might block these channels.
Guanethidine blocks high-threshold Ca currents in bovine
adrenal chromaffin cells (personal communication of Gandia,
Lacinova & Morad). Of course, a direct blockade of nicotinic
receptors by guanethidine cannot be discarded at present.

Heterogeneity of Ca channels in bovine chromaffin cells is a
polemic issue. Radioligand binding studies with [*H]J-isradi-
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otoxin (Ballesta et al., 1989; 1990) suggest the presence of
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be equipped mostly with Ca channels highly sensitive to
DHPs and controlling very efficiently the secretory process
(see review by Artalejo et al., 1988).

In conclusion, by using a pharmacological approach to
dissect Ca entry pathways in cultured bovine adrenal chro-
maffin cells, we have demonstrated that nicotinic- and high-K
stimulation recruit different subtypes of voltage-dependent Ca
channels.
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The role of endogenous thromboxane in contractions to
U46619, oxygen, 5-HT and 5-CT in the human isolated

umbilical artery

'A.G.B. Templeton, J.C. McGrath & M.J. Whittle

Autonomic Physiology Unit, Dept of Physiology, University of Glasgow, G12 8QQ. Dept of Midwifery, Queen Mother’s

Hospital, Yorkhill; Glasgow G3 8SJ

1 The effects of selective thromboxane antagonists and a thromboxane synthase inhibitor on the con-
traction to 9,11-dideoxy-11a,9a-epoxymethano-prostaglandin F,, (U46619) and oxygen in the human
umbilical artery (HUA) were examined. The effect of the antagonists on contractions to both 5-
hydroxytryptamine (5-HT) and S-carboxamidotryptamine (5-CT) were also examined.

2 U46619 (0.3nM-10uMm) contracted the HUA. This contraction was antagonized by two selective
thromboxane receptor antagonists EP092 (10 nm-1 uM) and GR32191B (10 nM—1 uM). The contraction was
not affected by the selective thromboxane synthase inhibitor, dazoxiben (10 nM-1 um).

3 When the oxygen tension was increased from 16 mmHg to 120mmHg, the HUA transiently con-
tracted. Both thromboxane antagonists inhibited this contraction in a concentration-dependent manner
with 1 M almost completely abolishing the response (the oxygen-induced contraction of the control prep-
aration normally increases with a second exposure to 120 mmHg oxygen).

4 In low (16 mmHg) oxygen, responses to both 5S-HT and 5-CT were unaffected by both thromboxane
receptor antagonists at concentrations yp to 1uMm. In high oxygen (120 mmHg) responses to both 5-HT
and 5-CT were biphasic in nature, with an additional initial high sensitivity phase, which was abolished
by a cyclo-oxygenase inhibitor. In high oxygen, EP092 and GR32191B blocked this initial phase in a
concentration-dependent manner, returning sensitivity to 5S-HT and 5-CT to that seen in low oxygen.

5 The thromboxane synthase inhibitor, dazoxiben, at concentrations greater than 10nM inhibited the
contraction to 120mmHg oxygen and at 1 uM, dazoxiben almost abolished the response. In low oxygen,
the response to 5-HT was unaffected by dazoxiben at concentrations up to 10um. In high oxygen, the
initial phase of the contraction to 5-HT was inhibited by concentrations greater than 10 nm, with no effect
on the maximum response.

6 The results show that thromboxane receptor antagonism or blockade of thromboxane synthesis selec-
tively attenuates oxygen-induced contractions and those responses to 5-HT and 5-CT which are depen-
dent on high oxygen for their expression. This suggests that the contractions caused by high oxygen
tension, and the enhancement of the contractile effects of low concentrations of 5-HT and 5-CT in the

presence of high oxygen tension are mediated by endogenously released thromboxane A, .
Keywords: Human umbilical artery; oxygen tension, 5-HT; thromboxane synthesis; 5-carboxamidotryptamine; U46619

Introduction

Investigation into the reactivity of the human umbilical artery
(HUA) has shown that increasing the level of oxygen above
16 mmHg will induce a transient contraction which can be
blocked by various cyclo-oxygenase inhibitors (MacLennan et
al., 1988). This confirmed earlier work (Lewis, 1968; Bor &
Guntheroth, 1970; Oberhansli-Weiss et al., 1972; McGrath et
al., 1986) as to the contractile effect of oxygen but also sug-
gested that oxygen’s effect was mediated via prostaglandins.
Other studies have shown that the endoperoxides and
thromboxane A, (TxA,) are very potent constrictors of the
isolated artery (Tuvemo et al., 1976; Svensson et al., 1977),
while the principal products of arachidonic acid metabolism
in the artery are prostacyclin (PGI,) and prostaglandin E,
(PGE,) (Bjoro et al., 1986). However Benedetto et al. (1987),
have shown that TxA, is produced along the whole length of
the umbilical artery, while Sernieri et al. (1983) have demon-
strated that in human arteries most of the TxA, production
takes place in the media of the smooth muscle. Also Bjoro et
al. (1986) showed that 5-hydroxytryptamine (5-HT) increased
TxA, production in HUA but depressed that of PGI,,
whereas angiotensin I and angiotensin II stimulated formation
of PGI, and depressed that of TxA,. Furthermore MacLen-
nan & McGrath (1986) and MacLennan et al. (1989) have
characterized the receptors mediating contraction to 5-HT in

! Author for correspondence.

the HUA and have also shown that increasing the oxygen to
120mmHg induces the expression of a previously quiescent
population of 5-HT,-like receptors.

Subsequently, we have studied the vasoconstrictor effects of
9,11-dideoxy-11a,9a-epoxymethano-PGF,, (U46619, TxA,
stable analogue), oxygen and 5-HT on the HUA and in a pre-
liminary communication reported that the selective TxA,
antagonist, EP092, could inhibit the contractions to U46619
and to increasing oxygen levels to 120mmHg. We also found
that the antagonist had no effect on the 5-HT-induced con-
traction in low oxygen (16 mmHg) but at high oxygen levels
(120mmHg) the 5-HT,-like receptor response was blocked
with no effect on the maximum response (McGrath et al.,
1989).

We now describe a quantitative investigation of the effects
of two thromboxane antagonists and a thromboxane synthase
inhibitor; EP092, GR32191B and dazoxiben respectively, in
inhibiting the oxygen-induced contraction of the HUA. In
addition we have examined the effects of these drugs on con-
tractions to both S5-HT and the relatively selective
S-HT,-receptor agonist S5-carboxamidotryptamine (5-CT)
(Engel et al., 1983) in either low or high oxygen levels.

Methods

All experiments were carried out on isolated preparations of
the HUA obtained from normal term pregnancies via various
methods of delivery. Method of delivery has no effect on the
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reactivity of the artery. The collection and storage of the cords
is described extensively elsewhere (MacLennan et al., 1988).

Experimental protocol

Arteries were dissected free of the surrounding Wharton’s jelly
in de-oxygenated Krebs solution, to reduce the oxygen tension
as far as possible. Longitudinal strips of artery 1-1.5cm in
length, were suspended within 40ml organ baths containing
Krebs saline at 37°C under a force of 1 gwt. The tissues were
equilibrated for 2h before any experimentation, gassed with
2.5% O,, 8% CO, balance N, to produce an oxygen tension
of 16mmHg. The Po, was measured continuously from an
oxygen electrode inserted in one of the organ baths (IL O,
electrode, meter model 787, Strathkelvin Instruments). These
conditions were maintained except when the oxygen was
increased to 120mmHg; 16% O,, 8% CO, balance N,; to
examine the oxygen response and also those to 5-HT and
5-CT in high oxygen. Isometric tension was recorded with
Grass FT03c transducers and a Linseis recorder (Typ 2065).

Oxygen To examine the oxygen response all the tissues were
exposed to 120mmHg oxygen (after the initial equilibration
period) for Smin during which time a transient contraction
was produced (this contraction peaked within 3-4min and
returned to baseline within 5-10min), then the gassing was
returned to 16 mmHg oxygen, and a single concentration of
the test agent was added to each tissue, with one acting as a
time control. After 45min the preparations were again
exposed to 120mmHg oxygen and the response measured.
These second responses were expressed as a percentage of the
response to the initial exposure to 120 mmHg for each tissue.

Cumulative concentration-response curves (CCRCs) to
agonists were constructed by increasing the bathing solution
concentration by 0.5log,, increments at intervals, when the
preceding response had reached a plateau; this was at approx-
imately 3-5min intervals for all agonists. Response as % of
the maximum was plotted against log (agonist concentration).
pD, values were calculated as —log (ECs,), where ECy, is the
concentration of agonist which gives 50% of the maximum
response.

U46619 Cumulative concentration-response curves (CCRC)
were carried out (0.3 nM—10 zM) to U46619 in low oxygen only
(16 mmHg). Antagonists and the synthase inhibitor were
studied as follows: one strip acted as a control and agent(s)
were added to other strips from the same artery (10 nM—1 um).
CCRC:s to the agonist were constructed simultaneously on all
strips. For each preparation the concentration-ratio (CR) was
calculated as the ratio of the EC,, of U46619 (+ antagonist),
over the ECs, for U46619 from the control curve. A Schild
plot was constructed with the CRs: log(CR — 1) (ordinate
scale) was plotted against log(antagonist concentration)
(abscissa scale) (Arunlakshana & Schild, 1959). A line of best
fit was found for the points by linear regression (least squares)
which gave the slope and an estimate of the pA, as the inter-
cept of the regression line with the x-axis. The mean values of
the slope of the regression line and estimated pA, are present-
ed together with their respective 95% confidence limits.

S-Hydroxytryptamine and 5-carboxamidotryptamine CCRCs
were constructed to either 5-HT or 5-CT (0.3nM-10uM) in
each preparation in both low (16mmHg) and high
(120mmHg) oxygen. Only one concentration of either
GR32191B, EP092 or dazoxiben was used in each prep-
aration. The agent was present 45 min before construction of
the CCRC in low oxygen. After completion of the curve, the
Krebs solution was exchanged four times until the baseline
returned to normal. After a further 20 min, the oxygen tension
was increased to 120 mmHg and left for another 20 min before
the agent was added again, each preparation receiving the
same concentration in both low and high oxygen. The agent
was present again for 45min before carrying out a second

CCRC. The effect of reversing the process, i.e. high oxygen
CCRC before the low oxygen CCRC was not significant and
did not contribute to the changes seen in the response.

The physiological salt solution was Krebs-bicarbonate
saline of composition (mm): NaCl 119, KCl 4.7, MgSO,, 1.2,
KH,PO, 1.2, CaCl, 2.5, NaHCO, 25.0 and glucose 11.1.

Drugs used were: 5-hydroxytryptamine creatinine sulphate
(5-HT, Sigma), S-carboxamidotryptamine (Glaxo), 9,11-
dideoxy-11a,9a-epoxymethano-prostaglandin F,, (U46619,
UpJohn), (rac) 9a,1la-ethano-1-methyl-13(N-phenylthio-car-
bamoyl) hydrazono-w-heptanor-prosta-5 2-enoic  acid
(EP092), and dazoxiben, gifts from Dr R.L. Jones Edinburgh
University, (la-(6'-carboxyhex-3'2-enyl)-28-(N-piperidino)-
3a-hydroxy- 5x-(4” -biphenylyl methoxy)-cyclopentane
(GR32191B), gift from Dr P. Lumley, Glaxo Group Research.

All drugs except U46619 and EP092 were dissolved in dis-
tilled water. U46619 was initially dissolved in methyl acetate
with subsequent dilutions made in distilled water. EP092 was
initially dissolved in high performance liquid chromatography
grade absolute ethanol with dilutions made in distilled water.

Statistics

Statistical comparisons of the means of groups of data were
made by use of Student’s ¢ test for paired or unpaired data,
where appropriate. A level of probability of P < 0.05 was
taken to’indicate statistical significance. In all experiments
n = 6 unless otherwise stated.

Results

Contractions to U46619

An initial comparison was made of the effects of the two
thromboxane antagonists versus the contraction of the HUA
to U46619. This served to determine the potency of the drugs
for subsequent examination of the responses to oxygen, 5S-HT
and 5-CT. Figure 1a and b show the effects of GR32191B and
EP092 respectively. Both control groups show a
concentration-dependent contraction to U46619 with thresh-
old of 0.3 nM, the maximum obtained at 1 um and pD, values
of 8.45 + 0.21 and 8.55 + 0.19. GR32191B 10nM, 100 nM, and
1 um caused parallel rightward shifts of the CCRC to U46619
with no significant change in the maximum response (Figure
1a). These shifts are consistent with a competitive antagonism
yielding a slope 0.96 (0.85-1.07) and a pA, value of 8.04
(Figure 2a). EP092 10nM, 100nM and 1uM produced similar
rightward shifts in the U46619 CCRC (Figure 2b). However,
with 1um of EP092 the largest practicable concentration of
U46619 (10 um) failed to produce a contraction equal to the
control maximum: and for this reason only an estimated pA,
value of 8.05, slope 1.35, could be obtained, based on the two
lower antagonist concentrations (Figure 2b). Dazoxiben at
concentrations 10 nM—10 uM had no effect on either the pD, or
the maximum response to U46619 (results not shown,).

Contractions to increased oxygen tension

The two antagonists and the synthase inhibitor were exam-
ined further in separate experiments. In these experiments, one
strip acted as a control, while different concentrations of the
agents were added to other strips from the same artery. The
second contractions are expressed as a percentage of the first
contraction to 16% oxygen. Re-exposure of the artery after
45min to the same oxygen tension, resulted in a greatly
increased response (Figure 3). This was taken into account
when assessing the action of the antagonists and the synthase
inhibitor by correcting the second responses for the percent-
age change of the second response in the time control prep-
aration. An average percentage inhibition was then calculated
for each concentration of antagonist and inhibitor (Figure
4ab and c). The potency of each agent in reducing the
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Figure 1 The effects of (a) GR32191B and (b) EP092; (O) control,
(@) 10nMm, (A) 100nM, (A) 1uM, on contractions to U46619 in the
human umbilical artery. Responses are expressed in absolute terms.
Points represent mean (n = 6); vertical bars show s.e.mean.

O,-induced contraction was assessed as the IC;,, the concen-
tration of the antagonist or inhibitor that reduced the
response to oxygen by 50%. The IC,, was interpolated from
the graph of log(antagonist concentration) against response
(% of the second response of the control tissue to 16%
oxygen). ICs,s for GR32191B, EP092 and dazoxiben were
28nM, 120nM and 88 nM respectively. Thus GR32191B is at
least 3 fold more potent than either EP092 or dazoxiben at
inhibiting the oxygen-induced contraction.

Contractions to 5-hydroxytryptamine and
S-carboxamidotryptamine

At physiological Po,, the two antagonists and the synthase
inhibitor at concentrations up to 1um had no effect on either
the pD, or the maximum response to either 5-HT or 5-CT at
concentrations up to 1 uM (results not shown).

However, when the Po, was increased to 120mmHg the
two antagonists and the synthase inhibitor all exhibited some
antagonist activity against both 5-HT and 5-CT.

5-Hydroxytryptamine In all three control groups, when the
Po, was raised to 120mmHg the CCRC became biphasic,
with lower concentrations (0.3 nM—1nM) producing responses
(these concentrations were subthreshold for producing con-
traction in low oxygen). All three agents blocked this
increased responsiveness at the low 5-HT concentrations, sug-
gesting a thromboxane-dependent response, since both the
receptor antagonists and the synthase inhibitor had similar
effects (Figure 5a,b and c). A representative trace is illustrated
in Figure 6. This component of the S-HT CCRC is ketanserin-
resistant but methysergide-sensitive (McGrath & MacLennan,
1986). In no case was there a significant effect on the
maximum response to 5-HT or on the position of the upper
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Figure 2 This figure represents a Schild plot of the effects of (a)
GR32191B and (b) EP092 against contractions to U46619. Each point
on the graph represents the log[CR — 1] for each individual prep-
aration. A linear regression line has been fitted through the points to
determine the slope and pA, values. With EP092, only the two
antagonist concentrations have been used to construct the linear
regression line. (n = 6).
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Figure 3 Representative traces of the response to increased oxygen
tension. Panel (a) shows the time control response (note the increase
in absolute size of the contraction) with the panel (b) showing the
second response to oxygen in the presence of GR32191B (1 uM): (@)
indicates change in the oxygen to 120mmHg; () denotes return to
16 mmHg oxygen. { indicates addition of GR32191B (1 um) to (b) with
30 min contact time.

16% 0, 2.5% O,
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Figure 4 Inhibition of the 120mmHg O,-induced contraction in the
human umbilical artery by (a) GR32191B, (b) EP092 and (c) dazoxi-
ben. The results are expressed as a percentage of the control values
(see methods for details). The first point on each curve represents the
control response. Values represent mean (n = 6); s.e.mean shown by
vertical bars.

part of the curve (>70% of the maximum), indicating a selec-
tive effect on the 5-HT,-like receptor-mediated response.

S5-Carboxamidotryptamine As with 5-HT, when the level of
oxygen was raised to 120mmHg, a response became apparent
at the lower concentrations (0.03nM-3nM) of 5-CT. 5-CT is
believed to be more potent and selective at S-HT, receptors
(Engel et al., 1983) and for this reason the actions of the
antagonists were also examined using this agonist. (These are
the receptors which are dependent on oxygen in order to
become functional). Both receptor antagonists inhibited the
oxygen-induced increase in responsiveness to 5-CT with 1 um
transforming the curve to that in low oxygen (Figure 7a and
b). Again, the maximum response was not altered from that of
the control, indicating a selective inhibition of the oxygen-
dependent part of the response.

Discussion

The results suggest that oxygen contracts the HUA via pro-
duction of thromboxane. That the thromboxane produced
acts through specific thromboxane receptors is indicated by
the effects of the receptor antagonists. This showed that the
receptor antagonists and the synthase inhibitor had no block-

-
N
o
J o

100 1 »
80 1
60 A
40 1

20 1

Response as % maximum

0 T T T 1
-10 -9 -8 -7 -6 -5 -4
log [5-HT]

40 4

20 4

Response as % maximum

0' T T T 1
-0 -9 -8 -7 -6 -5 -4
log [5-HT]

c
120 A
100
80 1
60 1
40 4

20 1

Response as % maximum

0 - T v T T |
-10 -9 -8 -7 -6 -5 -4
log [5-HT]

Figure 5 The effects of (a) GR32191B, (b) EP092 and (c) dazoxiben
on the cumulative concentration-response curves to 5-
hydroxytryptamine (5-HT) in high oxygen (120 mmHg) in the human
umbilical artery. Responses are expressed as a percentage of the
maximum response for each curve: (Q) control; (@) 10nM; (A)
100nM; (A) 1 uM. Points represent mean (n = 6); s.e.mean shown by
vertical bars.

ing affinity for the 5-HT, receptor or depression of the
excitation-contraction coupling processes subsequent to such
receptor activation. The effects of the synthase inhibitor
suggest that the umbilical artery actually synthesises the
thromboxane in response to an elevation of oxygen above
16 mmHg. The likely dominance of thromboxane rather than,
say, PGE,, in determining tone in this vessel is supported by
some previous observations.

Although Bjoro et al. (1986) showed that the principal pro-
ducts of arachidonic acid metabolism in this vessel are PGI,
and PGE,, Benedetto et al. (1986) have demonstrated con-
siderable TxA, production along the whole length of the
umbilical artery; both groups used 95% oxygen, 5% carbon
dioxide. Our observations indicate that exaggerated pro-
duction of thromboxane is likely to be observed at such high
levels of O, and the same may apply to PGE,, reducing the
physiological significance of concentrations monitored in high
O,. Furthermore, PGE, seems an unlikely physiological
modulator since it will contract the umbilical artery (when the
level of oxygen is at 16 mmHg) only at very high concentra-
tions (> 1 uM). These contractions can be inhibited by throm-
boxane antagonists but not the synthase inhibitor, suggesting
an action on thromboxane receptors (unpublished
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Figure 6 Representative traces showing the effects of 120mmHg
oxygen on contractions to 5-hydroxytryptamine (5-HT) and the sub-
sequent effect of GR32191B (1 uM) on this response. The upper two
traces illustrate S-HT cumulative concentration-response curves in
16 mmHg oxygen, the lower two traces being in 120mmHg oxygen,
the lower trace in each of the two groups being in the presence of
GR32191B (1um). Note the lack of effect in 16 mmHg with the
increase in sensitivity in high oxygen being blocked. Each (@) rep-
resents addition of 5-HT cumulatively in 0.5 log units range (0.3 nM—
3 uM) the unlabelled values are the intermediate concentrations.
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Figure 7 The effects of (a) GR32191B and (b) EP092 on cumulative
concentration-response curves to S-carboxamidotryptamine (5-CT) in
high oxygen (120mmHg) in the human umbilical artery. Responses
are expressed as a percentage of the maximum response for each
curve: (O) control; (@) 10nM; (A) 100nM; (A) 1 um. Points represent
mean (n = 6); s.e.mean shown by vertical bars.

observations). Since the synthase inhibitor inhibits the
oxygen-induced contraction but does not block PGE, synthe-
sis, the oxygen-induced contraction cannot be due to PGE,
release. Furthermore Jones et al. (1982), have demonstrated
that at concentrations greater than 1um, PGE, will act on
TxA, receptors which parallels the present results.

The potencies of the antagonists in blocking the oxygen-
induced contraction are within the range for blocking throm-
boxane receptors, when their inhibition of the U46619
contraction is taken into consideration, and are similar to
those obtained in other preparations (Armstrong et al., 1985;
Jones et al., 1989; Lumley et al., 1987). Tymkewycz et al.
(1989) used 80uM dazoxiben to inhibit TxA, production in
platelets but in the umbilical artery, concentrations greater
than 1 uM were maximal for inhibition of the oxygen contrac-
tion. In a previous study the oxygen-induced effects in the
HUA were shown to be particularly sensitive also to cyclo-
oxygenase inhibitors (MacLennan et al., 1988).

The lack of effect of the two antagonists and the synthase
inhibitor on responses to either 5-HT or 5-CT in low oxygen,
together with their effectiveness in high oxygen, indicates a
selective  blocking action for thromboxane-dependent
responses. The ‘extra’ response in elevated oxygen is resistant
to blockade by ketanserin (MacLennan & McGrath, 1986;
MacLennan et al., 1989) indicating the introduction by throm-
boxane of a functional receptor sensitive to low concentra-
tions of agonists, which is distinct from the
5-HT ,-receptor-mediated response to higher concentrations of
both 5-HT and 5-CT. However, the response is dependent on
oxygen for its expression. These results therefore add to the
observations of MacLennan et al. (1988), that cyclo-oxygenase
inhibitors blocked the oxygen contraction. We have gone
further along the synthetic pathway to determine which cyclo-
oxygenase-dependent product is responsible for the oxygen
effect.

The implications from these results may be important when

we consider pre-eclamptic pregnancies. In this condition, there

is thought to be an imbalance between placental production
of PGI, and TxA,, with TxA, levels being significantly
increased (Walsh, 1985). In a normal pregnancy, the levels of
both will be approximately equivalent, so that their biological
actions may be balanced. An imbalance may be responsible
for the increased vasoconstriction, platelet aggregation and
reduced uteroplacental blood flow characteristic of pre-
eclampsia (Pritchard et al., 1976; Chesley, 1978; Dennis et al.,
1982).

Schiff et al. (1989) tested the effect of aspirin on the risk of
development of pregnancy-induced hypertension (PIH) in a
double blind study. They showed that the number of women
who developed PIH or pre-eclamptic toxaemia was signifi-
cantly lower among the aspirin-treated than among placebo-
treated women. The ratio of serum levels of TxA, to PGI,
after three weeks of treatment was decreased by 34.7% in the
aspirin-treated group but increased by 51% in the placebo-
treated group. Benigni et al. (1989) have shown that low doses
of aspirin will selectively inhibit the increase in production of
maternal thromboxane normally associated with PIH and
pre-eclampsia while sparing vascular prostacyclin, but will
only partially suppress neonatal platelet thromboxane. They
assume that the mechanism of action of aspirin is to suppress
the production of thromboxane by platelets, although this has
not been established. Vascular smooth muscle could also be
responsible for the production of some of the thromboxane
since its release can be stimulated from both umbilical arteries
and placental arteries (unpublished observations). It may also
be of benefit to these patients to give a specific thromboxane
receptor antagonist or a thromboxane synthase inhibitor, as
such treatments would have no effect on the production of
PGI,. The present study certainly shows that the umbilical
vascular thromboxane production is far more sensitive to
inhibitors than is production from platelets.

In conclusion, we have demonstrated that the contraction
of the umbilical artery to increased levels of oxygen is due to
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production and release of a thromboxane synthase product,
most likely TxA,. Also, the increase in sensitivity to both
5-HT and 5-CT observed in high oxygen can be selectively
inhibited by these antagonists.
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Bioassay of nitric oxide released upon stimulation of
non-adrenergic non-cholinergic nerves in the canine ileocolonic

junction
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1 The release and the nature of the inhibitory non-adrenergic non-cholinergic (NANC) neurotransmitter
was studied in the canine ileocolonic junction. A circular muscle strip of the canine ileocolonic junction
served as donor tissue in a superfusion bioassay in which rings of rabbit aorta with the endothelium
removed served as detector tissue.

2 The ileocolonic junction released a labile factor with vasodilator activity upon stimulation of non-
adrenergic non-cholinergic (NANC) nerves in response to electrical impulses and the nicotinic receptor
agonist 1,1-dimethyl-4-phenylpiperazinium (DMPP). This release was respectively frequency- and
concentration-dependent.

3 The release was reduced by the blocker of neuronal conductance, tetrodotoxin, and by the inhibitor of
the nitric oxide (NO) biosynthesis NC-nitro-L-arginine. The biological activity was enhanced by super-
oxide dismutase and eliminated by haemoglobin. Hexamethonium abolished only the release in response
to DMPP.

4 Injection of adenosine 5'-triphosphate (ATP) or ‘vasoactive intestinal polypeptide (VIP) onto the
cascade induced relaxations of the rabbit aorta but they were different from those induced by NO or the
transferable factor.

§ Based on organ bath experiments in which the reactivity of different parts of the circular smooth
muscle layer of the ileocolonic junction was investigated, a muscle strip of superficial circular muscle with
submucosa was chosen as the detector strip in the bioassay cascade.

6 The ileocolonic junction dose-dependently relaxed in response to nitroglycerin and NO. NO was
much more potent in the rabbit aorta than in the canine ileocolonic junction. Equivalent amounts of the
transferable factor, endothelium-derived relaxing factor and NO, as assessed by the relaxation of the
rabbit aorta, failed to affect the ileocolonic junction.

7 In conclusion, our results demonstrate the release of a transferable vasorelaxant factor in response to
NANC nerve stimulation which behaves pharmacologically like NO but not like ATP or VIP. Therefore,
we suggest that NO or a NO releasing substance is the inhibitory NANC neurotransmitter in the canine

ileocolonic junction.

Keywords: NO bioassay; endothelium-derived relaxing factor (EDRF); nitric oxide (NO); néurotransmission; non-adrenergic

non-cholinergic nerves (NANC); ileocolonic junction

Introduction

Non-adrenergic non-cholinergic (NANC) nerves are believed
to provide the main inhibitory autonomic nerve supply to gut
smooth muscle (Burnstock & Costa, 1973; Burnstock, 1981).
The exact nature of the transmitter(s) released by these nerves
however is still debated. Adenosine 5'-triphosphate (ATP)
(Burnstock, 1972) and vasoactive intestinal polypeptide (VIP)
(Goyal & Rattan, 1980) are considered as the two main candi-
dates depending on the tissue and/or species studied. Recently
evidence has been presented for nitric oxide (NO) as an
NANC inhibitory transmitter in some regions of the gut
including the anococcygeus (Gillespie et al., 1989; Ramagopal
& Leighton, 1989), the ileocolonic junction and the stomach
(Boeckxstaens et al., 1990a,b; 1991a,b).

Previously, we demonstrated that electrical impulses, nico-
tinic receptor stimulation, ATP and jy-aminobutyric acid
(GABA) stimulate NANC nerves resulting in relaxation of the
canine ileocolonic junction (Pelckmans et al., 1989; Boeckx-
staens et al., 1990c,d,e). These relaxations were mimicked and
mediated by NO, suggesting NO as inhibitory NANC neuro-
transmitter (Boeckxstaens et al., 1990a,b; 1991b). Using a

! Author for correspondence.

superfusion bioassay cascade, we also demonstrated the
release of a NO-like factor in response to stimulation of the
NANC nerves (Boeckxstaens et al., 1990a; Bult et al., 1990).

In the present study, the release of this transferable factor in
response to electrical impulses and nicotinic receptor stimu-
lation by 1,1-dimethyl-4-phenylpiperazinium (DMPP) was
further characterized. In addition, we investigated the respon-
siveness of the canine ileocolonic junction placed in a bioassay
cascade to the transferable factor, the endothelium-derived rel-
axing factor (EDRF), NO and nitroglycerin.

Methods

Tissue preparation

The ileocolonic junction as donor tissue in the bioassay cascade
Mongrel dogs of either sex (body weight 10-30kg) were
anaesthetized with sodium pentobarbitone (30mgkg™!, i.v.)
and a laparotomy was performed. The ileum and the colon
were resected 5Scm above and 3 cm below the ileocolonic junc-
tion respectively. After cleaning and rinsing of the resection
specimen, the mucosa was removed (Pelckmans et al., 1989)
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Krebs-Ringer
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6 Transducer Stimulator
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Figure 1 Schematic illustration showing the experimental set-up of
the superfusion bioassay (ileocolonic junction: ICJ; noradrenaline:
NA; rabbit aorta: RbA).

and the submucosa was peeled off from the ileocolonic junc-
tion. A circular muscle strip (about 4 mm wide and 2 cm long)
was prepared and mounted in a perfusion chamber with a
volume of about 0.5ml and was perfused (3 mlmin~!) with a
modified Krebs-Ringer solution (mM: NaCl 118.3, KCl 4.7,
MgSO, 1.2, KH,PO, 1.2, CaCl, 2.5, NaHCO, 25, CaEDTA
0.026 and glucose 11.1) maintained at 37°C. This solution con-
tained superoxide dismutase (SOD, 20 units ml~ '), L-arginine
(50 uM) and guanethidine (3um) and was aerated with a
mixture of 80% N,, 15% O, and 5% CO,. The perfusion
chamber contained two platinum ring electrodes, through
which the muscle strip was pulled (Figure 1). Electrical
impulses (rectangular waves, 25mA, 9 V) were delivered by a
GRASS stimulator and a direct current (d.c.) amplifier at an
interval of at least 15 min resulting in reproducible responses.

Reactivity of the ileocolonic junction in organ baths After
removal of the mucosa, strips (about 3mm wide and 2cm
long) containing different tissue layers were cut by means of
sharp dissection: muscle strips with (type A) or without sub-
mucosal layer (type C), muscle strips of superficial circular
muscle with submucosa (type B) and muscle strips from which
the superficial circular muscle and submucosa were removed
(type D) (Figure 2). The muscle strips were mounted in organ
baths containing a modified Krebs-Ringer solution aerated
with 95% O, and 5% CO, at 37°C. They were connected to a
strain gauge transducer (Statham UC2) for continuous mea-
surement of isometric tension and used at the optimal point of
the length-tension relationship (Pelckmans et al., 1989).

The ileocolonic junction as detector tissue in the bioassay
cascade Based on the organ bath experiments, a type B strip
was chosen as detector in the bioassay cascade. This strip was
mounted vertically immediately above a ring of rabbit
abdominal aorta denuded of its endothelium and was con-
nected to a strain gauge transducer for continuous measure-
ment of isometric tension. After the muscle strip was placed at
the optimal point of the length-tension relationship
(Pelckmans et al., 1989), the detector tissues were superfused

Superficial

different
m = myenteric

1 = longitudinal muscle) of the circular muscle strips (type A, B, C and
D) of the canine ileocolonic junction.

layers
plexus;

showing the
muscle;

Figure 2 Schematic illustration
(s = submucosa; ¢ = circular

by the effluent of the canine ileocolonic junction or by the
perfusate of a segment of 5cm of rabbit thoracic aorta and
were contracted by an infusion of noradrenaline (10 um). The
sensitivity of the bioassay tissues was standardized by a bolus
injection of nitroglycerin (1 nmol).

Rabbit aortic rings as detector tissue in the bioassay cascade
New Zealand white rabbits (2000-2500g) were killed by an
overdose of sodium pentobarbitone. After a laparotomy, the
abdominal aorta was removed and placed in modified Krebs-
Ringer solution. Rings of abdominal aorta (3mm wide) were
cut and denuded of their endothelium by gentle rubbing. They
were arranged either in a cascade with a delay of 2-3s
between the two rings or in parallel. The tissues were mounted
under 8g resting tension and their isometric tension was
recorded. The aortic rings were superfused with the effluent of
the canine ileocolonic junction and were contracted by an
infusion of noradrenaline (0.1 uM) (Figure 1). A bolus of acetyl-
choline (3 nmol) was injected directly onto the aortic rings to
verify the absence of endothelium (Furchgott & Zawadzki,
1980). Subsequently, atropine (0-3 um) was introduced into the
perfusate and the sensitivity of the bioassay tissues was stan-
dardized by a bolus injection of nitroglycerin (0.1 nmol).

The rabbit thoracic aorta as donor of endothelium-derived rel-
axing factor The rabbit thoracic aorta was removed and
placed in modified Krebs-Ringer solution as described (Bult et
al., 1988). One cannula was inserted in the rostral opening, red
blood cells were gently flushed away with modified Krebs-
Ringer solution and the second cannula was placed in the
caudal outlet. The aorta was positioned on a perspex support
in an organ chamber filled with 400 ml modified Krebs-Ringer
solution and perfused with modified Krebs-Ringer solution
(3mlmin™1).

Experimental protocols

Organ bath experiments After 45min of equilibration, the
muscle strips were stimulated with acetylcholine (2 uM) and
after incubation with atropine (0.3 uM), the reactivity to nor-
adrenaline (30 uM) was tested. Next, the effects of electrical
stimulation (4 and 16 Hz, 1 ms, pulse train lasting 10s), acetyl-
choline (30um), ATP (100uM), GABA (100uM) and nitro-
glycerin (1 uM) were studied on type B strips in the presence of
atropine (0.3 uM) and compared with the responses obtained in
type A strips. After each experiment, the preparations were
placed in 4% formaldehyde, and sections were made for light
microscopy.

Superfusion bioassay cascade In a first series of experiments,
the effect of a transferable factor released by the canine ileo-
colonic junction in response to electrical stimulation (0.5-
16 Hz, 0.5-2ms, 25mA, 9V, pulse trains lasting 5-30s) and
infusion of the nicotinic agonist DMPP (3-100uM, during
1 min) was investigated on rabbit aortic rings in the presence
of atropine (0.3 uM), guanethidine (3 uM), L-arginine (50 um)
and SOD (20unitsml~!). The effects of NC-nitro-L-arginine
(L-NNA, 100 um), tetrodotoxin (1 um), L-arginine (50 uM), SOD
(20 unitsml~ '), haemoglobin (0.1 uM) and hexamethonium
(100 uM) were studied on the release of the factor induced by
electrical stimulation (16 Hz, 2 ms, pulse train lasting 20s) or
DMPP (30 um). In addition, two aortic rings were arranged in
a cascade to evaluate the stability of the transferable factor
released in response to electrical stimulation or DMPP and of
NO (0.1-0.5nmol), ATP (1 umol) and VIP (0.5 nmol) directly
injected onto the cascade.

In a second series of experiments, the effect of the trans-
ferable factor released in response to electrical stimulation
(16 Hz, 2ms) was studied on the canine ileocolonic junction
and the rabbit aorta. The latter was mounted in the bioassay
cascade immediately under the ileocolonic junction. In addi-
tion, dose-respones curves to nitroglycerin (0.03-1 nmol) and



NO (0.1-100nmol) directly injected onto the cascade were
constructed and the effect of EDRF released by a perfused
rabbit aorta in response to acetylcholine (30 nmol) was investi-
gated.

Drug used

The following drugs were used: acetylcholine chloride, aden-
osine 5'-triphosphate (ATP), y-aminobutyric acid (GABA), L-
arginine, bovine haemoglobin, bovine serum albumin, 1-1-
dimethyl-4-phenylpiperazinium (DMPP) (Sigma Chemical
Co., St. Louis, MO, U.S.A.), atropine sulphate (Federa, Bruss-
els, Belgium), guanethidine monosulphate (Ciba-Geigy,
Switzerland), NC®-nitro-L-arginine (L-NNA), tetrodotoxin
(Janssen Chimica, Beerse, Belgium), nitroglycerin (Merck,
Darmstadt, Germany), noradrenaline hydrogentartrate (Fluka
AG, Buchs SG, Switzerland), vasoactive intestinal polypeptide
(VIP, UCB Bioproducts, Brain-I’'Alleud, Belgium).

All drugs were administered as aqueous solutions except
L-NNA which was dissolved in 0.065M HCl. Ascorbic acid
(0.57 mm) was added to the solution of noradrenaline. All solu-
tions were prepared on the day of experimentation, except
VIP (0.1 nm), haemoglobin (1 mM) and tetrodotoxin (1 mm), in
sodium citrate, pH 4.8) which were stored at —20°C between
experiments.

NO solutions and haemoglobin were prepared as described
(Kelm et al., 1988). Bovine recombinant superoxide dismutase
(SOD) was a gift of Griinenthal GmbH (Aachen, Germany).

Presentation of results and statistical analysis

The results are expressed as g contraction or as percentage
decrease of the noradrenaline-induced contraction of the
rabbit aortic rings or of the muscle strip of the canine ileocol-
onic junction.

Values are shown as mean + s.e.mean for the number of
dogs indicated. For statistical analysis, a two tailed Student’s ¢
test for paired or unpaired observations was used. P values of
less than 0.05 were considered to be significant.

Results

Detection of the transferable factor by rabbit aortic rings

When the effluent of the unstimulated canine ileocolonic junc-
tion (mucosa and submucosa removed) was directed onto the
cascade, the top aortic ring relaxed by 5 + 3% (n = 7) of the
noradrenaline (0.1 uM)-induced contraction. This relaxation
was significantly increased to 18 + 6% (n=7) by SOD
(20unitsml~?'). In the presence of atropine (0.3uM), gua-
nethidine (3 uM), L-arginine (50 uM) and SOD (20 unitsml~?),
the tissue of the ileocolonic junction released more of this
vasorelaxant factor upon electrical stimulation (0.5-32Hz,
2ms, pulse trains lasting 20s) (Figures 3 and 4). The release
was frequency-dependent (Figure 4) and varied with the pulse
duration (0.5-2 ms) and the duration of the pulse train (5-30s)
(Table 1). In addition, infusion of the nicotinic agonist DMPP
(0.3—-100 um) concentration-dependently induced the release of
a transferable factor by the ileocolonic junction (Figures 3 and
4). However, when the submucosal layer was still present, the
release of vasorelaxant activity was not detected.

The relaxations of the rabbit aortic rings induced by the
factor had the same morphology as those induced by nitro-
glycerin (0.1 nmol), NO (0.1 nmol) or ATP (1 umol) directly
injected onto the cascade (Figure 3). On the other hand, injec-
tion of VIP (0.5nmol) over the bioassay tissues resulted in a
slowly developing and long lasting relaxation (Figure 3). The
biological activity of the factor declined to the same extent
(electrical stimulation, 44 + 6%, n=7; DMPP, 41 + 15%,
n = 4) as the effect of NO (42 + 5%, n = 4) during passage
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Figure 3 Relaxation of rabbit aortic (RbA) rings arranged in a
cascade by a transferable factor released by the canine ileocolonic
junction (ICJ) in response to electrical impulses (16 Hz, 2ms) and 1,1-
dimethyl-4-phenylpiperazinium (DMPP, 30uM) and by injection of
nitric oxide (NO, 0.1nmol), ATP (1mol) and vasoactive intestinal
polypeptide (VIP, 0.5nmol) onto the cascade (o.c.). The biological
activity of the transferable factor and of NO, but not of ATP and
VIP, decreased to the same extent during the delay of 3s between
upper and lower aortic ring. Breaks in the tracings represent periods
of tissue equilibration. The experiments were performed in the pre-
sence of atropine (0.3 #M), guanethidine (3 uM), L-arginine (50 uM) and
superoxide dismutase (20 unitsml~!). The rings of rabbit aorta were
denuded of endothelium and contracted submaximally by a contin-
uous infusion of noradrenaline (0.1 uM). The sensitivity of the bioassay
was standardized by injection of nitroglycerin (GTN, 0.1nmol).
Similar results were obtained in 3 other experiments.

down the cascade, whereas that of ATP and VIP remained
unchanged (Figure 3).

The relaxation of the aortic rings in response to electrical
stimulation (16 Hz, 2ms) or infusion of DMPP (30 um) was
significantly augmented from 5+ 5% (n=7) and 2+ 1%
(n=5) to 28 +8% and 20+ 6% respectively by SOD
(20unitsml ') and from 9 + 4% (n =4) and 9 + 2% (n = 4)
to 23 + 3% and 26 + 5% respectively by L-arginine (50 uM).
On the other hand, these relaxations were inhibited by hae-
moglobin (0.1 uM), L-NNA (100 um) and tetrodotoxin (1 um)

0-
10
=
2
g
© 204
o
BN
301
40
r T T T T T 1l r T 1
051 2 4 8 16 32 6 5 4
Electrical stimulation —log DMPP
(Hz) (m)

Figure 4 Relaxation of the top rabbit aortic ring induced by the
frequency/concentration-dependent release of a vasorelaxant factor by
the canine ileocolonic junction in response to electrical impulses (O,
0.5-32Hz, 2ms) and 1,1-dimethyl-4-phenylpiperazinium (DMPP, A,
3-100 uM) respectively. The experiments were performed as shown in
Figure 3 in the presence of atropine (0.3 uM), guanethidine (3 um), L-
arginine (50 uM) and superoxide dismutase (20 units ml~*!). Results are
shown as mean for 4 experiments (with s.e.mean shown by vertical
bars) and are expressed as percentage decrease of the noradrenaline
(0.1 uMm)-induced contractions.
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Table 1 Effect of pulse duration (0.5-2ms, 20s) and dura-
tion of pulse train (2ms, 5-30s) on the relaxation of the
rabbit aorta to the transferable factor released by electrical
stimulation (16 Hz)

% relaxation n

(a) Pulse duration (ms)

0.5 19+6 5

1 25+ 4 5

2 30+5 5
(b) Duration of pulse train (s)

5 14+5 4
10 27+17 4
20 29+ 6 4
30 36+9 4

The experiments were performed as shown in Figure 3. Atro-
pine (0.3 uM), guanethidine (3 uM), L-arginine (50uM) and
superoxide dismutase (20unitsml~!) were present. Results
are shown as mean # s.e.mean for the number of experiments
(n) indicated and are expressed as percentage decrease of the
noradrenaline (0.1 uM)-induced contraction of the top aortic
ring.

(Table 2). Hexamethonium (100uM) abolished the release of
the factor induced by DMPP but had no effect on the release
in response to electrical stimulation (Table 2). The relaxations
induced by nitroglycerin (0.1 nmol), ATP (1umol) or VIP
(0.5 nmol) were not affected by SOD or haemoglobin (results
not shown).

The canine ileocolonic junction as bioassay tissue

Organ bath experiments Histology confirmed the composi-
tion of the type A muscle strips, as schematically illustrated in
Figure 2. Type B strips indeed only contained the submucosa
and superficial circular muscle. The submucosa or the sub-
mucosa and the superficial circular muscle layer had been
removed in type C or type D strips respectively, as indicated
in Figure 2.

After equilibration, all different types of strips contracted to
the same extent to acetylcholine (2um, type A: 3.8 + 0.6g;
type B: 40+ 05g; type C: 3.7+ 08g; type D: 3.7+ 0.3g,
n = 7). However, only type A and type B strips contracted in a
stable manner to noradrenaline (30um) (3.2 +0.6g and
2.9 + 0.4 g respectively, n = 7). Removal of the submucosa

Table 2 Effect of haemoglobin, N¢-nitro-L-arginine (L-
NNA), tetrodotoxin and hexamethonium on the relaxation of
the rabbit aorta to the transferable factor released in
response to electrical stimulation (16 Hz, 2ms) and 1,1-
dimethyl-4-phenylpiperazinium (DMPP, 30 um)

DMPP
(30 uM)
(% relaxation)

Electrical stimulation
(16 Hz,2 ms)
(% relaxation)

Control 30+ 8 21+4

Haemoglobin 1+1* o*
0.1 um

L-NNA 9 + 4+ 0*
0.1 mm

Tetrodotoxin 2+ 1* 34+ 3*
1um

Hexamethonium 30+7 o*
0.1 mM

The experiments were performed as shown in Figure 3. Atro-
pine (0.3 uM), guanethidine (3 uM), L-arginine (50uM) and
superoxide dismutase (20 unitsml~') were present. Results
are shown as mean + s.e.mean for 4-7 experiments and are
expressed as percentage decrease of the noradrenaline
(0.1 um)-induced contraction of the top aortic ring.

* P < 0.05, significantly different from control, Student’s ¢
test for paired observations.
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Figure 5 Isometric tension recordings showing the reactivity of (a)
type A, (b) type B, (c) type C and (d) type D circular muscle strips of
the canine ileocolonic junction to noradrenaline (NA, 30 uM). The dif-
ferent tissue layers of these muscle strips are schematically illustrated
in Figure 2. In (a) and (b), the effect of electrical stimulation (4 and
16Hz, 1ms), acetylcholine (ACh, 30um), ATP (100umM), -
aminobutyric acid (GABA, 100 M) and nitroglycerin (GTN, 1 uM) are
shown during a noradrenaline-induced contraction. The experiments
were performed in the presence of 0.3 uM atropine. Similar results were
obtained in 6 additional experiments.

(type C) resulted in a transient contraction to noradrenaline
whereas the spontaneous activity was abolished by nor-
adrenaline in type D muscle strips (Figure 5).

During a noradrenaline (30 uM)-induced contraction in the
presence of atropine (0.3 um), the NANC responses to electri-
cal stimulation (4 and 16 Hz, 1 ms), acetylcholine (30 um), ATP
(100 uM), GABA (100 uM) and nitroglycerin (1 uM) were identi-
cal in the type A and type B muscle strips (Figure 5).

Superfusion bioassay cascade Type B muscle strips were
superfused more homogeneously than type A strips, resulting
in more reproducible, stable and sustained contractions to
acetylcholine (2 uM) or noradrenaline (10 um). Since the organ
bath experiments demonstrated that these strips reacted in the
same way as type A strips, all further experiments were per-
formed on type B strips.

Infusion of 0.1 uM noradrenaline on the detector tissues had
no effect on the motor activity of the ileocolonic junction but
contracted the rabbit aorta submaximally (3.7 + 0.5g, n = 7).
During this contraction in the presence of atropine (0.3 uM),
guanethidine (3 uM), L-arginine (50uM) and SOD (20 units
ml~!), EDRF released by the perfused rabbit aorta in
response to acetylcholine (30 nmol), and the transferable factor
released in response to electrical stimulation (16 Hz, 2 ms) of
the ileocolonic junction induced a relaxation of 73 + 9%
(n=4) and 38 + 5% (n = 5) of the rabbit aortic ring respec-
tively. The spontaneous activity of the ileocolonic junction
was not affected.

Infusion of 10 uM noradrenaline contracted both detector
tissues (ileocolonic junction: 1.8 + 0.2g, n = 9; rabbit aorta:
4.7 + 04¢g, n = 7). Nitroglycerin (0.03-1 nmol) and NO (0.1-
100 nmol), directly applied onto the cascade, dose-dependently
relaxed both the canine ileocolonic junction and the rabbit
aorta (Figures 6 and 7). However, NO relaxed the rabbit aorta
more potently than the ileocolonic junction (Figure 7). In both
tissues, nitroglycerin was more potent than NO (Figure 7).
EDRF and the transferable factor now relaxed the rabbit
aorta by 38 + 5% (n=4) and 12 + 3% (n = 5) respectively,
but failed to relax the ileocolonic junction (Figure 6). In the
presence of 1 mM L-arginine, the relaxation of the aortic ring
to the transferable factor was significantly increased to
37 + 8% (n = 3); however, the factor did not relax the ileocol-
onic junction (Figure 6). Injection of 0.1-0.3nmol nitro-
glycerin or 0.1-0.3nmol NO produced relaxations equal to
those of EDRF and the ileocolonic factor on the aortic ring,
but only nitroglycerin induced relaxation of the ileocolonic
junction (Figure 6).
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Figure 6 Isometric tension recordings of the canine ileocolonic junc-
tion (ICJ) and the rabbit aorta (RbA) showing the effect of the trans-
ferable factor (electrical stimulation; 16 Hz, 2ms), or nitroglycerin
(GTN, 0.3nmol) and NO (0.3 nmol) injected onto the cascade (o.c.).
Endothelium-derived relaxing factor (EDRF) released in response to
acetylcholine (ACh, 30 nmol) from a perfused rabbit aorta relaxed the
aortic ring to the same degree. Breaks in the tracing represent periods
of tissue equilibration. The numbers in parentheses are the doses
expressed in nmol. The experiments were performed in the presence of
atropine (0.3 uM), guanethidine (3 uM), L-arginine (1 mM) and super-
oxide dismutase (20 units ml ~?!). If the effect of EDRF was tested, atro-
pine was infused only onto the detector tissues. The ring of rabbit
aorta was denuded of endothelium and both tissues were contracted
by a continuous infusion of noradrenaline (10 uM). The sensitivity of
the bioassay was standardized by injection of nitroglycerin (1 nmol).
Similar results were obtained in 2 other experiments.
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Figure 7 Relaxation of the canine ileocolonic junction (filled
symbols) and the rabbit aorta (open symbols) in response to nitro-
glycerin (O, 0.03-1 nmol) and NO (A, 0.1-100 nmol) injected onto the
cascade. The experiments were performed as shown in Figure 6 in the
presence of atropine (0.3 uM), guanethidine (3 uM), L-arginine (50 um)
and superoxide dismutase (20 units ml~'). Results are shown as mean
for at least 5 experiments with s.e.mean shown by vertical bars and
are expressed as percentage decrease of the noradrenaline (10um)-
induced contraction.

* P < 0.05, significantly different, sensitivity of the canine ileocolonic
junction versus rabbit aorta to NO, Student’s ¢ test for unpaired
observations.

+ P < 0.05, significantly different, sensitivity to NO versus nitro-
glycerin in the canine ileocolonic junction, Student’s t test for
unpaired observations.

** P < 0.05, significantly different, sensitivity to NO versus nitro-
glycerin in the rabbit aorta, Student’s ¢ test for unpaired observations.
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Discussion

Endothelium-derived relaxing factor (EDRF) is synthesized
and released by the vascular endothelium in response to
diverse substances (Furchgott & Zawadzki, 1980; Furchgott,
1984). This vasorelaxant factor is now thought to be nitric
oxide (NO) (Palmer et al, 1987) and/or S-nitrosocysteine
which spontaneously decomposes with the liberation of NO
(Myers et al., 1990; Ignarro, 1990). NO is enzymatically syn-
thesized from its precursor L-arginine (Palmer et al., 1988a;
Schmidt et al., 1988), a pathway which has been demonstrated
in several cell types underlying a variety of biological actions
(Moncada et al., 1989). In particular, formation of NO from
L-arginine has been reported in the rat cerebellum
(Garthwaite et al., 1988; Dickie et al., 1990) and forebrain
(Knowles et al., 1989). In addition, in the peripheral nervous
system, evidence is available favouring a role of NO in NANC
neurotransmission (Gillespie et al, 1989; Ramagopal &
Leighton, 1989; Boeckxstaens et al., 1990a,b; 1991a,b; Bult et
al., 1990; Gibson et al., 1990; Tucker et al., 1990). Exogenous
NO directly relaxes the smooth muscle and mimics the relax-
ations induced by stimulation of the intramural NANC
nerves. Furthermore, inhibition of NO biosynthesis by L-
arginine analogues reduces the NANC responses without
affecting the postjunctional effector cells. Finally, we here
demonstrate the release of NO in response to NANC nerve
stimulation which is a fundamental criterion for NO to be
considered as putative neurotransmitter (Burnstock et al.,
1986).

Stimulation of the NANC nerves in the canine ileocolonic
junction by electrical impulses or the nicotinic agonist DMPP
triggered the release of a labile transferable factor in a
frequency/concentration-dependent manner. This stimulated
release was tetrodotoxin-sensitive, indicating that neuronal
structures were activated, rather than other cell populations
such as endothelial or mononuclear cells, or micro-organisms.
Recently, evidence has indeed been obtained that the enzyme
which catalyzes NO formation, NO synthase, is present in the
myenteric plexus and associated neuronal processes in the
intestine and is present in particularly large amounts in neuro-
nal axons (Bredt et al., 1990). In addition, it has also been
demonstrated that intact neuronal tissue can release NO upon
stimulation (Dickie et al., 1990). Although we cannot exclude
the possibility that an as yet unidentified neurotransmitter
induced the release of the transferable factor from some non-
neuronal cell, e.g. the smooth muscle, we favour the view that
NO or a NO releasing substance is the transmitter itself and is
released by the NANC nerves.

The nature of the factor released is indeed non-adrenergic
non-cholinergic since both atropine and guanethidine were
present. In addition, the aortic rings failed to relax to acetyl-
choline or noradrenaline. As illustrated by the decrease of the
biological activity down the cascade, the factor released by the
ileocolonic junction is unstable, a feature which is not com-
patible with peptides like VIP, amines, vasodilator prosta-
noids or ATP, but rather with a substance like NO.
Relaxations induced by NO indeed declined to the same
extent as those in response to the transferable factor. In addi-
tion, the biological activity of both NO and the factor, but not
of VIP and ATP, was increased by SOD, a substance that
prolongs the half-life of NO through suppression of its inac-
tivation by superoxide anion (Gryglewski et al., 1986). Fur-
thermore, L-arginine, the precursor of NO (Palmer et al,
1988a; Schmidt et al., 1988), increased the release of the factor
whereas the latter was decreased by inhibition of NO biosyn-
thesis. The enhanced release after L-arginine supplementation,
which is generally not observed when vascular endothelial
cells are used as the source of NO (Palmer et al., 1989a,b),
could be in agreement with the previous reported hypothesis
of a continuous release of NO in the canine ileocolonic junc-
tion (Boeckxstaens et al., 1990b). This was confirmed by the
finding that the effluent of the unstimulated ileocolonic junc-
tion relaxed the aortic rings, an effect that was enhanced by
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SOD. Previously, comparable evidence has been obtained
illustrating basal release of EDRF from unstimulated endo-
thelial cells (Griffith et al., 1984; Gryglewski et al., 1986).
Finally, haemoglobin, known to trap NO avidly (Martin et al.,
1985), abolished the biological activity of the factor, but not
that of ATP and VIP. These results indicate that NO, but not
ATP or VIP, accounts for the vasorelaxant effect of the trans-
ferable factor, suggesting NO or a NO releasing substance as
the inhibitory NANC neurotransmitter. Similar results were
obtained with the NANC innervation of the canine lower
oesophageal sphincter (unpublished observations) and the rat
gastric fundus (Boeckxstaens et al., 1991a) indicating that this
mechanism is not confined to the tissue and/or species studied.

We examined the effect of the transferable factor on the
ileocolonic junction itself and compared it with that of NO,
nitroglycerin and EDRF. Preliminary organ bath experiments
were performed to determine which part of the ileocolonic
junction was most suitable as detector tissue in the bioassay
cascade. These experiments revealed spatial differences in
reactivity to noradrenaline in the circular muscle layer: the
superficial part contracted to noradrenaline whereas the spon-
taneous activity of the deeper part of the circular muscle
layers was abolished by noradrenaline. Spatial organisation of
the spontaneous electrical activity and of the innervation has
been reported previously in the circular smooth muscle of the
canine colon (Smith et al, 1987a,b; 1989). It was suggested
that different transmitters and/or different receptors may be
present through the thickness of the circular layer (Smith et
al., 1989), which might also explain our results. However, it
should also be considered that differences in response to nor-
adrenaline might result from injury to the smooth muscle cells
due to tissue manipulation. However, all strips contracted to
acetylcholine, indicating that the contractile apparatus of the
smooth muscle cells was still functional. In addition, the type
B strips behaved similarly to the type A strips. Placed in the
bioassay cascade, only the type B strip contracted in a sus-
tained manner to noradrenaline, justifying its choice as detec-
tor strip.

Submaximal contraction of the ileocolonic junction was
achieved by an infusion of 10 uM noradrenaline (Pelckmans et
al., 1990), a concentration which maximally contracted the
rabbit aorta. Although this reduced the sensitivity of the
rabbit aorta to nitroglycerin (Herman et al., 1971) and the
transferable factor, this experimental condition was optimal
for investigation of the effect of different substances on the
ileocolonic junction. However, even maximal stimulation of
the release of the factor, as judged from the response of the
aortic ring, was not sufficient to cause relaxation of the ileo-
colonic junction. In addition, amounts of NO or EDRF that
matched the vasodilator activity of the factor also failed to
affect the ileocolonic junction. This could be explained by a
low sensitivity of this nonvascular smooth muscle to NO com-
pared to the rabbit aorta. Indeed, only high amounts of NO
relaxed the ileocolonic junction, suggesting that greater
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1 The role of nitric oxide (NO) in non-adrenergic non-cholinergic (NANC) neurotransmission was
studied on circular muscle strips of the canine lower oesophageal sphincter (LOS). Electrical field stimu-
lation evoked frequency-dependent relaxations, which were resistant to adrenergic and cholinergic block-
ade and abolished by tetrodotoxin.

2 Exogenous administration of NO induced concentration-dependent and tetrodotoxin-resistant relax-
ations which mimicked those in response to electrical stimulation.

3 NO-nitro-L-arginine (L-NNA), a stereospecific inhibitor of NO-biosynthesis, inhibited the relaxations
induced by electrical stimulation but not those by exogenous NO or vasoactive intestinal polypeptide
(VIP).

4 The effect of L-NNA was prevented by L-arginine, the precursor of the NO biosynthesis but not by its
enantiomer D-arginine.

5 Haemoglobin abolished the NO-induced responses and reduced those evoked by electrical stimu-
lation.

6 Cumulative administration of VIP induced concentration-dependent relaxations, which were slow in
onset and sustained. A complete relaxation to VIP was not achieved and the relaxations were not affected
by L-NNA. .
7 In conclusion, our results provide evidence that NANC relaxations are mediated by NO, suggestin

NO or a NO releasing substance as the final inhibitory NANC neurotransmitter in the canine LOS.

Keywords: Electrical stimulation (ES); lower oesophageal sphincter (LOS); nitric oxide (NO); non-adrenergic non-cholinergic
nerves (NANC); vasoactive intestinal polypeptide (VIP); NC-nitro-L-arginine (L-NNA)

Introduction

The lower oesophageal sphincter (LOS) is a specialized
segment of the most distal part of the oesophagus. It plays an
important role in preventing gastroesophageal reflux by main-
taining an intraluminal pressure, higher than the fundus pres-
sure. To allow the passage of food and liquids into the
stomach, the LOS relaxes upon swallowing. These relaxations
are mediated by a non-adrenergic non-cholinergic (NANC)
neurotransmitter, since the inhibitory innervation of the gas-
trointestinal tract, including the LOS, is mainly provided by
NANC neurones (Burnstock & Costa, 1973; Abrahamsson,
1986). Although the precise nature of the NANC neurotrans-
mitter in the LOS is still debated, vasoactive intestinal poly-
peptide (VIP) is believed to be the most likely candidate. VIP
is present in nerve terminals in the LOS region (Alumets et al.,
1979; Zimmerman et al., 1989), it relaxes the LOS by direct
action on the smooth muscle cells and increases intracellular
adenosine 3':5'-cyclic monophasphate (cyclic AMP) contents
(Bitar & Makhlouf, 1982). Furthermore, VIP is released by
neural stimulation (Goyal & Rattan, 1980) and VIP antiserum
partially inhibits the neurally induced relaxation of the feline
LOS (Biancani et al., 1984; Behar et al., 1989).

However, a role for nitric oxide (NO) as neurotransmitter
has been suggested in rat and mouse anococcygeus muscle
(Gillespie et al., 1989; Ramagopal & Leighton, 1989; Gillespie
& Sheng, 1990; Gibson et al, 1990), in rat cerebellum
(Garthwaite et al., 1988) and forebrain (Knowles et al., 1989).

In previous studies, we provided evidence for the proposal
that NO is a NANC neurotransmitter in the canine ileoco-

! Author for correspondence.

lonic junction (Boeckxstaens et al., 1990; 1991b,c; Bult et al.,
1990) and rat gastric fundus (Boeckxstaens et al., 1991a).

The present study was designed to investigate the role of
NO in the canine LOS by means of haemoglobin, which is
known to trap NO avidly (Martin et al., 1985) and NC-nitro-
L-arginine (L-NNA), a stereospecific inhibitor of NO biosyn-
thesis (Ishii et al., 1990; Moore et al., 1990; Miilsch & Busse,
1990).

Methods

Tissue preparation

Mongrel dogs of either sex (body weight 10-20kg) were
anaesthetized with sodium pentobarbitone (30mgkg™!, i.v.)
and a laparotomy was performed. Five cm of tissue above and
below the LOS-region was removed, cut open longitudinally
and rapidly rinsed in Krebs-Ringer buffer. The squamocolum-
nar border was located (Huizinga & Walton, 1989) and
marked with steel pins and the mucosa was removed from the
region below the border. Two muscle strips, 3 to 10mm distal
to the squamocolumnar border, were cut and each strip was
again cut into 4 or 5 segments resulting in 8 to 10 circular
muscle strips of approximately 2mm wide and 10mm long.
The strips were tied at each end with silk thread and mounted
in organ baths (25ml, except for the VIP experiments: 5ml)
filled with modified Krebs-Ringer solution (mm: NaCl 118.3,
KCl 4.7, MgSO, 1.2, KH,PO, 1.2, CaCl, 2.5, NaHCO, 25,
CaEDTA 0.026 and glucose 11.1), maintained at 37°C and
continuously aerated with 95% O, and 5% CO,.



Isometric tension recording

Each muscle strip was placed between two platinum plate
electrodes for field stimulation of the intramural nerves. Next
they were connected to a strain gauge transducer (STATHAM
UC?2) for continuous measurement of isometric tension and an
initial passive tension of 4g was applied on each strip. After
an equilibration period of 30 min, the strips were stimulated
electrically with a GRASS-stimulator (8 Hz, 0.5ms, 9V,
100 mA) and a direct current amplifier in stimuli-trains of 10s.
Only tissue that gained tone spontaneously and relaxed on
electrical stimulation was considered to be LOS tissue
(Christensen et al., 1973; Barnette et al., 1990). These strips
were allowed to equilibrate for at least 60 min before experi-
mentation.

Experimental protocols

All  experiments were performed during a 5-
hydroxytryptamine (5-HT, 3 um)-induced contraction and in
the presence of atropine (1 uM) and guanethidine (3 um). After
each 5-HT-induced contraction the muscle strips were washed
four times every 5 min.

First, dose-response curves to NO (0.1-30umM, non-
cumulative) and nitroglycerin (0.1-30uM cumulative) were
constructed on circular muscle strips of the LOS. Next, the
effect of haemoglobin (10-30 um), tetrodotoxin (1 um), L-NNA
(3-100 uM), hexamethonium (100 um), phentolamine (10 um)
and propranolol (1 uM) was studied on the relaxations induced
by electrical stimulation (ES, 0.25-16 Hz, 0.5ms), NO (3 um),
isoprenaline (100 uM) and nitroglycerin (10 um). The effect of
L-NNA was re-examined in the presence of L-arginine (5 mMm)
and p-arginine (Smm). Finally, we examined the inhibitory
effect of L-NNA (30 uM) on a cumulative dose-response curve
to VIP. All VIP experiments were performed in the presence
of 0.1% bovine serum albumin.

All antagonists were added at least 10min prior to the
S-HT-induced contraction.

Drugs used

The following drugs were used: L-arginine, D-arginine, bovine
haemoglobin, bovine serum albumin (Sigma Chemical Co., St.
Louis, MO, US.A); atropine sulphate (Federa, Brussels,
Belgium); isoprenaline hydrochloride, S5-hydroxytryptamine
creatinine sulphate monohydrate, NC-nitro-L-arginine, tet-
rodotoxin (Janssen Chimica, Beerse, Belgium); phentolamine,
guanethidine monosulphate (Ciba-Geigy, Switzerland); nitro-
glycerin (Merck, Darmstadt, Germany), propranolol hydro-
chloride (ICI-Pharma, Belgium); VIP (UCB bioproducts,
Braine-I’Alleud, Belgium).

All drugs were dissolved or diluted in distilled water and
solutions were made on the day of experimentation. Ascorbic
acid (570uMm) was added to the solutions of §5-
hydroxytryptamine and isoprenaline. The stock solution of
tetrodotoxin (1 mM in sodium citrate, pH 4.8) was stored at
—20°C. VIP aliquots were stored at —20°C and further
diluted on the day of experimentation. NO solutions and hae-
moglobin were prepared as described by Kelm et al. (1988).
All drugs were added in volumes less than 0.5% of the bath
volume.

Statistical analysis

Relaxations are expressed as percentage of the maximal relax-
ation induced by electrical field stimulation (16 Hz, 0.5 ms) at
the beginning of experimentation (Barnette et al., 1990).
Results are shown as mean + s.e.mean for the number of dogs
indicated. The negative logarithm of the concentration of
agonist that produced a response of 50% of the maximal
response obtained with that agonist (pD, value), was calcu-
lated by linear regression analysis (Tallarida & Murray, 1981).
All data were analyzed by Student’s ¢ test for paired and
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unpaired observations. P values of less than 0.05 were con-
sidered to be significant.

Results

During a 5-HT (3 um)-induced contraction and in the presence
of atropine (1uM) and guanethidine (3 uM), electrical stimu-
lation (0.25-16 Hz, 0.5 ms) induced frequency-dependent relax-
ations in the canine LOS (Figures 1, 3 and 4). These
relaxations were not affected by hexamethonium (100 uM) or
propranolol (1 um) and phentolamine (10 um) (Figure 1). Iso-

—
1 min

1g]

—T~—/

Saline
5-HT 0.256051 2 4 8 16 NO Iso GTN
' P )
b
!
Hexa-
methonium
5-HT 0.25051 2 4 8 16 NO IsoGTN
r o \
c

f

Propranolol +
phentolamine

5-HT 0.25051 2 4

TTX

5-HT 0.250.51 2 4 816 NO Iso GTN
Hz

Figure 1 Isometric tension recordings showing (a) the control and
the effects of (b) hexamethonium (100 uM), (c) propranolol (1 uM) plus
phentolamine (10 um), (d) tetrodotoxin (TTX, 1 uM) on the relaxations
of the canine lower oesophageal sphincter induced by electrical stimu-
lation (0.25-16 Hz, 0.5ms), NO (3 um), isoprenaline (Iso, 100 uM) and
nitroglycerin (GTN, 10 zM). The experiments were performed during a
S-hydroxytryptamine (5-HT, 3 uM)-induced contraction and in the
presence of atropine (1uM) and guanethidine (3 #M). Similar results
were obtained from five other experiments (n = 6). Tracing-breaks
represent periods of tissue equilibration.
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Figure 2 Effect of NO (@, 0.1-30uM) and nitroglycerin (O, 0.1-
30 uM) on canine lower oesophageal sphincter circular muscle strips.
Experiments were performed during a 5-hydroxytryptamine-induced
contraction and in the presence of atropine (1 uM) and guanethidine
(10 uM). Results are shown as mean (s.e.mean shown by vertical bars)
and are expressed as a percentage of the maximal relaxation induced
by electrical field stimulation (16 Hz, 0.5ms) at the beginning of
experimentation (n = 6). * P < 0.05, significantly different, sensitivity
to NO versus nitroglycerin, Student’s ¢ test for unpaired observations.

prenaline (100 uM) induced sustained relaxations (44 + 9% of
the relaxation to 16 Hz, 0.5ms), which were not affected by
hexamethonium (100 uM) but which were almost completely
blocked in the presence of propranolol (1 M) and phentola-
mine (10 um) (Figure 1).

Administration of NO (0.1-30uM, non-cumulative) and
nitroglycerin (0.1-30 uM, cumulative) induced concentration-
dependent relaxations (Figure 2) which were unaffected by
hexamethonium (100 uM) or propranolol (1 uM) and phentola-
mine (10 um) (Figures 1 and 2). The relaxations to NO mim-
icked those to electrical stimulation whereas the relaxations to
nitroglycerin were sustained (Figure 1). The pD, for NO
which was 5.40 + 0.14 (n = 5) significantly differed from the
pD, for nitroglycerin which was 5.87 + 0.13 (n = 5).

The responses to electrical stimulation were abolished by
TTX (1 um) (Figure 1) and concentration-dependently inhib-
ited by L-NNA (3-100uM) and haemoglobin (10-30 um)
(Figure 3). In 6 experiments the maximal relaxation obtained
by electrical stimulation (16 Hz, 0.5ms) was inhibited from
100% to 0% by TTX (1 um), to 20 + 6% by L-NNA (100 um)
and to 72 + 7% by haemoglobin (30 um). The inhibitory effect
of L-NNA was prevented by L-arginine (5mM) but not by D-
arginine (5 mM) (Figure 4). TTX and L-NNA did not affect the
relaxations to NO, whereas they were abolished by haemo-
globin (30 uM) (Figure 3).

Cumulative administration of VIP (1-300nM) resulted in
sustained, concentration-dependent relaxations which were
slow in onset (Figure 3d). The highest concentration of VIP
tested, relaxed the canine LOS muscle strips only by
52.5+6.9% (n=4), compared to the complete relaxation
induced by electrical stimulation (16 Hz, 0.5ms). The relax-
ations to VIP were not affected by L-NNA (30 um) (Figure 4).

Discussion

The exact nature of the NANC neurotransmitter, released by
inhibitory enteric neurones is still debated. Although VIP has
been proposed as the most likely candidate in the canine LOS,
the present results suggest NO or a NO releasing substance as
the inhibitory NANC neurotransmitter.
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Figure 3 Isometric tension recordings of canine lower oesophageal
sphincter circular muscle strips showing (a) the control and the effects
of (b) NC-nitro-L-arginine (L-NNA, 100uM) and (c) haemoglobin
(30um) on the relaxations induced by electrical stimulation (0.25-
16 Hz, 0.5ms), NO (3 um), isoprenaline (Iso, 100 uM) and nitroglycerin
(GTN, 10um). Tracing (d) shows the effect of cumulative adminis-
tration of vasoactive intestinal polypeptide (VIP, 1-300nM, log (M)).
All experiments were performed during a S5-hydroxytryptamine-
induced contraction and in the presence of atropine (1 uM) and gua-
nethidine (3 #M). Similar results were obtained from additional experi-
ments (n = 6, except for VIP n = 4). Tracing-breaks represent periods
of tissue equilibration.

In the presence of adrenoceptor and cholinoceptor antago-
nists, electrical stimulation of circular muscle strips of the LOS
caused relaxations which were abolished by tetrodotoxin, a
nerve conductance blocker, suggesting that these responses
resulted from NANC nerve stimulation. Since these relax-
ations were significantly reduced by L-NNA, an inhibitor of
NO biosynthesis (Ishii et al., 1990; Moore et al., 1990; Miilsch
& Busse, 1990), they were mediated by NO. This inhibition
was stereospecific and competitive as it was prevented by L-
arginine, a precursor of NO biosynthesis (Palmer et al., 1988;
Schmidt et al., 1988) but not by its enantiomer, D-arginine. In
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Figure 4 Effect of NC-nitro-L-arginine (L-NNA, @, 100 M) on the
NANC relaxations induced by electrical stimulation (O, 0.25-16 Hz,
0.5ms) and vasoactive intestinal polypeptide (VIP, A, 1-300nM) in the
canine lower oesophageal sphincter. The effect of L-NNA on electrical
stimulation was prevented by L-arginine (ll, SmM) but not by p-
arginine ([J, SmM). L-NNA (30 um) had no effect on the relaxations
induced by VIP. Results are shown as mean (s.e.mean shown by verti-
cal bars) (n=6 for electrical stimulation and n=4 for VIP).
* P < 0.05, significantly different from control value, Student’s ¢ test
for paired observations.

addition, exogenous administration of NO caused
tetrodotoxin-resistant relaxations which were morphologically
similar to those obtained by electrical stimulation. Since the
relaxations to NO were not affected by L-NNA, the inhibitory
effect of L-NNA on electrically-induced NANC relaxations
was on the transmitter system rather than on the postjunc-
tional effector cells. Compared to vascular smooth muscle,
LOS tissue and other nonvascular smooth muscle (Buga et al.,
1989; Boeckxstaens et al., 1990; 1991b,c) is relatively insensi-
tive to NO. The pD, for NO in the canine LOS is 540 + 0.14
(n = 6) whereas the pD, for NO in rabbit aortic rings is
6.82 + 0.10 (n = 10, unpublished results). The NO solutions in
these experiments were prepared identically for both tissues,
indicating that the LOS is indeed less sensitive. Adminis-
tration of nitroglycerin, by which NO is released intracellular-
ly, also resulted in concentration-dependent relaxations.

Haemoglobin, which completely inactivates exogenous NO,
significantly but not completely reduced the relaxations to
electrical stimulation. This difference in efficacy of inhibition
between the relaxation to NO and that to electrical stimu-
lation may be explained by the large molecular size of haemo-
globin so that only a small portion may have reached the
neuromuscular junction.

Previously, a role in neurotransmission for NO, which
accounts for the biological activity of vascular endothelium-
derived relaxing factor (Palmer et al., 1987), was also postu-
lated in rat and mouse anococcygeus muscle (Gillespie et al.,
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1989; Ramogopal & Leighton, 1989; Gillespie & Sheng, 1990;
Gibson et al., 1990), in rat cerebellum (Garthwaite et al., 1988)
and forebrain (Knowles et al., 1989).

In previous studies we provided evidence for the proposal
that NO or a NO releasing substance is the inhibitory NANC
neurotransmitter in the canine ileocolonic junction
(Boeckxstaens et al., 1990; 1991b,c; Bult et al., 1990) and rat
gastric fundus (Boeckxstaens et al., 1991a). In addition, the
demonstration of the L-arginine: NO pathway in a variety of
cells, suggests a more general role for this pathway in the
regulation of cell function and communication (Moncada et
al., 1989).

Evidence has been obtained supporting the proposal that
VIP is the inhibitory neurotransmitter in the LOS: VIP is rel-
eased upon electrical stimulation (Biancani et al., 1984) and
VIP antiserum partly inhibits the relaxations to lower fre-
quencies of electrical stimulation (Biancani et al., 1984; Behar
et al., 1989). However, a total blockade was never achieved
leading to the hypothesis that an additional neurotransmitter
may be co-released by inhibitory NANC neurones (Goyal &
Rattan, 1980; Behar et al., 1989; Biancani et al., 1989). Fur-
thermore VIP-induced relaxations were slow in onset and sus-
tained and were not affected by inhibitors of NO biosynthesis,
in contrast to those induced by electrical stimulation. In addi-
tion, exogenous administration of even high concentrations of
VIP (300 nM™) failed to relax completely the canine LOS. This
can be explained by the large molecular size of VIP, resulting
in a limited ability to penetrate the synapse. Alternatively, it
has been shown that the density of receptor binding sites for
VIP in canine LOS is low (Zimmerman et al., 1989), which
might suggest a minor role for VIP in the inhibitory NANC
mechanisms in the canine LOS. Finally, VIP-induced relax-
ations are mediated by a rise of intracellular cyclic AMP
levels whereas electrically-induced relaxations result in a rise
of intracellular cyclic GMP levels (Barnette et al., 1990) pro-
viding evidence against VIP as mediator of these relaxations.
Since nitrovasodilator compounds, including NO, activate
guanylate cyclase and elevate cyclic GMP contents in vascular
and nonvascular smooth muscle (Waldman & Murad, 1987),
the combination of these results supports our hypothesis that
NO is the final mediator in NANC neurotransmission in
canine LOS. i

In conclusion, we provide evidence that electrical stimu-
lation of canine LOS circular muscle induced NANC relax-
ations which were significantly reduced by inhibitors of NO
biosynthesis. Therefore, we propose NO or a NO releasing
substance as the final neurotransmitter of inhibitory NANC
nerves in the canine LOS.

This work was supported by the Belgian Fund for Medical Research
(Grant 3.0014.90). G.E.B. is a Research Assistant of the National
Fund for Scientific Research Belgium (NFWO). The authors gratefully
acknowledge Mrs L. Van de Noort for typing the manuscript and
F.H. Jordaens for his technical assistance.

BIANCANI, P, WALSH, J.H. & BEHAR, J. (1984). Vasoactive intestinal
polypeptide: a neurotransmitter for lower esophageal sphincter
relaxation. J. Clin. Invest., 73, 963-967.

BIANCANI, P., BEINFELD, M.C, HILLEMEIER, C. & BEHAR, J. (1989).
Role of peptide histidine isoleucine in relaxation of cat lower
esophageal sphincter. Gastroenterology, 97, 1083-1089.

BITAR, K.N. & MAKHLOUF, G.M. (1982). Relaxation of isolated gastric
smooth muscle cells by vasoactive intestinal peptide. Science, 216,
531-533.

BOECKXSTAENS, G.E., PELCKMANS, PA, BULT, H, DE MAN, J.G,
HERMAN, AG. & VAN MAERCKE, Y.M. (1990). Non-adrenergic
non-cholinergic relaxations mediated by nitric oxide in the canine
ileocolonic junction. Eur. J. Pharmacol., 190, 239-246.

BOECKXSTAENS, G.E., PELCKMANS, P.A,, BOGERS, J.J, BULT, H., DE



1096 J.G. DE MAN et al.

MAN, J.G., OOSTERBOSCH, L., HERMAN, A.G. & VAN MAERCKE,
Y.M. (1990b). Release of nitric oxide upon stimulation of non-
adrenergic non-cholinergic nerves in the rat gastric fundus. J.
Pharmacol. Exp. Ther., (in press).

BOECKXSTAENS, G.E, PELCKMANS, P.A, BULT, H, DE MAN, JG,
HERMAN, A.G. & VAN MAERCKE, Y.M. (1991b). Evidence for nitric
oxide as mediator of non-adrenergic non-cholinergic relaxations
induced by ATP and GABA in the canine gut. Br. J. Pharmacol.,
102, 434-438.

BOECKXSTAENS, G.E., PELCKMANS, P.A, RUYTIJENS, LF., BULT, H,,
DE MAN, J.G.,, HERMAN, A.G. & VAN MAERCKE, Y.M. (1991c¢). Bio-
assay of nitric oxide released upon stimulation of non-adrenergic
non-cholinergic nerves in the canine ileocolonic junction. Br. J.
Pharmacol., 103, 1085-1091.

BUGA, G.M,, GOLD, M.E, WOOD, K.S.,, CHAUDHURI, G. & IGNARRO,
L.J. (1989). Endothelium-derived nitric oxide relaxes nonvascular
smooth muscle. Eur. J. Pharmacol., 161, 61-72.

BULT, H., BOECKXSTAENS, G.E., PELCKMANS, P.A, JORDAENS, F.H,,
VAN MAERCKE, Y.M. & HERMAN, A.G. (1990). Nitric oxide as an
inhibitory non-adrenergic non-cholinergic neurotransmitter.
Nature, 345, 346-347.

BURNSTOCK, G. & COSTA, M. (1973). Inhibitory innervation of the
gut. Gastroenterology, 64, 141-144.

CHRISTENSEN, J., FREEMAN, B.W. & MILLER, JK. (1973). Some
physiological characteristics of the esophagogastric junction in the
opossum. Gastroenterology, 64, 1119-1125.

GARTHWAITE, J., CHARLES, S.L. & CHESS-WILLIAMS, R. (1988).
Endothelium-derived relaxing factor release on activation of
NMDA receptors suggests role as intercellular messenger in the
brain. Nature, 336, 385-388.

GIBSON, A, MIRZAZADEH, S., HOBBS, AJ. & MOORE, PK. (1990).
L-N€-monomethyl arginine and L-N€-nitro arginine inhibit non-
adrenergic, non-cholinergic relaxation of the mouse anococcygeus
muscle. Br. J. Pharmacol., 99, 602-606.

GILLESPIE, J.S,, LIU, X. & MARTIN, W. (1989). The effects of L-arginine
and N€-monomethyl L-arginine on the response of the rat ano-
coccygeus muscle to NANC-nerve stimulation. Br. J. Pharmacol.,
98, 1080-1082.

GILLESPIE, JS. & SHENG, H. (1990). The effects of pyrogallol and
hydroquinone on the response to NANC nerve stimulation in the
rat anococcygeus and the bovine retractor penis muscle. Br. J.
Pharmacol., 99, 194-196.

GOYAL, RK. & RATTAN, S. (1980). VIP as a possible neurotransmitter
of non-cholinergic non-adrenergic inhibitory neurones. Nature,
288, 378-380.

HUIZINGA, J.D. & WALTON, P.D. (1989). Pacemaker activity in the
proximal lower oesophageal sphincter of the dog. J. Physiol., 408,
19-30.

ISHII, K.B., CHANG, B., KERWIN, J.F. Jr, HUANG, Z.-J. & MURAD, F.

(1990). N“-Nitro-L-arginine: a potent inhibitor of endothelium-
derived relaxing factor formation. Eur. J. Pharmacol., 176, 219—
223.

KELM, M, FEELISCH, M., SPAHR, R, PIPER, H.-M, NOACK, E. &
SCHRADER, J. (1988). Quantitative and kinetic characterization of
nitric oxide and EDRF released from cultured endothelial cells.
Biochem. Biophys. Res. Commun., 154, 236-244.

KNOWLES, R.G.,, PALACIOS, M., PALMER, RM.J. & MONCADA, S.
(1989). Formation of nitric oxide from L-arginine in the central
nervous system: a transduction mechanism for stimulation of the
soluble guanylate cyclase. Proc. Natl. Acad. Sci. U.S.A., 86, 5159-
5162.

MARTIN, W, VILLANI, G.M,, JOTHIANANDAN, D. & FURCHGOTT,
R.F. (1985). Selective blockade of endothelium-dependent and glyc-
eryl trinitrate-induced relaxation by hemoglobin and by methylene
blue in the rabbit aorta. J. Pharmacol. Exp. Ther., 232, 708-716.

MONCADA, S., PALMER, R.M.J. & HIGGS, E.A. (1989). Biosynthesis of
nitric oxide from L-arginine. A pathway for the regulation of cell
function and communication. Biochem. Pharmacol., 38, 1709-1715.

MOORE, PK., AL-SWAYEH, O.A, CHONG, N.WS, EVANS, RA. &
GIBSON, A. (1990). L-N®-nitro arginine (L-NOARG), a novel L-
arginine-reversible inhibitor of endothelium-dependent vasodilata-
tion in vitro. Br. J. Pharmacol., 99, 408-412.

MULSCH, A. & BUSSE, R. (1990). NC-nitro-L-arginine (NC-[imino-
(nitroamino)methyl]-L-ornithine) impairs endothelium-dependent
dilatations by inhibiting cytosolic nitric oxide synthesis from L-
arginine. Naunyn-Schmiedebergs Arch. Pharmacol., 341, 143-147.

PALMER, R.M.J,, FERRIGE, A.G. & MONCADA, S. (1987). Nitric oxide
release accounts for the biological activity of endothelium-derived
relaxing factor. Nature, 327, 524-526.

PALMER, R.M.J, ASHTON, D.S. & MONCADA, S. (1988). Vascular
endothelial cells synthesize nitric oxide from L-arginine. Nature,
333, 664-666.

RAMAGOPAL, M.V. & LEIGHTON, H.J. (1989). Effects of NC-
monomethyl-L-arginine on field stimulation-induced decreases in
cytosolic Ca?* levels and relaxations in the rat anococcygeus
muscle. Eur. J. Pharmacol., 174, 297-299.

SCHMIDT, HH.HW,, NAU, H,, WITTFOHT, W., GERLACH, J., PRES-
CHER, K.-E,, KLEIN, M.M,, NIROOMAND, F. & BOHME, E. (1988).
Arginine is a physiological precursor of endothelium-derived nitric
oxide. Eur. J. Pharmacol., 154, 213-216.

TALLARIDA, R.J. & MURRAY, P.B. (1981). Manual of Pharmacological
Calculations. New York: Springer Verlag.

WALDMAN, SA. & MURAD, F. (1987). Cyclic GMP synthesis and
function. Pharmacol. Rev., 39, 163-196.

ZIMMERMAN, R.P, GATES, TS, MANTYH, CR, VIGNA, SR,
BOEHMER, C.G. & MANTYH, P.W. (1989). Vasoactive intestinal
peptide (VIP) receptors in the canine gastrointestinal tract. Pep-
tides, 9, 1241-1253.

(Received November 19, 1990
Accepted January 14, 1991)



Br. J. Pharmacol. (1991), 103, 1097-1102

© Macmillan Press Ltd, 1991

Mechanisms of the coronary vascular effects of
platelet-activating factor in the rat perfused heart
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1 In a previous study it was demonstrated that bolus injections of platelet-activating factor (PAF) in the
rat perfused heart resulted in coronary vasodilatation, vasoconstriction or the combination of both,
depending on the amount of PAF that was injected. In the present study, the mechanisms of these coro-
nary vascular effects of PAF in the rat perfused heart were investigated.

2 Pretreatment of the rat perfused heart with the PAF antagonists FR-900452 or BN-52021 did not
affect the vasodilator effect of PAF but eliminated the vasoconstrictor effect of PAF. FR-900452 had no
effect on the vasoconstrictor response to leukotriene C, (LTC,) or LTD,.

3 The cyclo-oxygenase inhibitor, indomethacin, did not modify the coronary vascular effects of PAF.
However L-649,923 (a leukotriene antagonist) and MK-886 (a leukotriene synthesis inhibitor) eliminated
both the vasodilator and vasoconstrictor effects of PAF.

4 When leukotrienes were administered by bolus injection in the rat perfused heart, LTB, produced
vasodilatation while LTC, and LTD, produced vasoconstriction. L-649,923 blocked both the vasodilator
and vasoconstrictor effects of the leukotrienes tested.

5 The results suggest that lipoxygenase products are responsible for both the vasodilator and vasocons-
trictor actions of PAF in the coronary vasculature of the rat perfused heart while the cyclo-oxygenase
products do not play a significant role. The ineffectiveness of PAF antagonists in blocking the vasodilata-

tion produced by PAF is compatible with the concept that there may be multiple PAF receptors.
Keywords: Platelet-activating factor; coronary vascular effects; leukotrienes; prostaglandins; rat perfused heart

Introduction

Since the identification of the structure of platelet-activating
factor (PAF) as 1-0O-alkyl-2-acetyl-sn-glycero-3-phosphocho-
line, and the chemical synthesis of PAF, the effects of PAF on
the coronary circulation have been examined. However, the
results of these studies are diverse. PAF was shown to cause
vasoconstriction in the guinea-pig perfused heart (Levi et al.,
1984; Piper & Stewart, 1987) and in the rat perfused heart
(Piper & Stewart, 1986). In contrast, intracoronary injection of
PAF to anaesthetized dogs produced only increases in coro-
nary flow and this effect was reduced after the removal of cir-
culating platelets (Jackson et al., 1986). Other studies showed
a biphasic effect, i.e. an increase in flow followed by a decrease
in flow, after intracoronary injection of PAF (Feuerstein et al.,
1984; Mehta et al., 1986; Erza et al., 1987; Fiedler et al., 1987).
In a previous study, we demonstrated that depending on the
dose, bolus injections of PAF could produce vasodilator
(10fmol-1 pmol PAF), vasoconstrictor (1 nmol PAF) or a bip-
hasic response (10 and 100 pmol PAF) in rat perfused hearts
(Man et al., 1990).

The studies of Piper & Stewart (1986, 1987) clearly identi-
fied the presence of 6-keto-prostaglandin F,, (6-keto-PGF,,)
thromboxane B, and leukotriene-like bioactivity in the efflu-
ent of the perfused rat and guinea-pig hearts after PAF
administration. However, only a vasoconstrictor response was
observed in these studies. Hence, it is not clear what role these
vasoactive compounds will have in mediating the effects of
PAF, especially the vasodilator response. In the present study,
the mechanism for coronary vasodilator, vasoconstrictor and
biphasic responses to PAF were examined. The coronary
vascular responses to PAF were determined in the absence
and presence of two PAF antagonists. The cyclo-oxygenase
inhibitor (indomethacin), the leukotriene antagonist (L-649,
923, Jones et al., 1986) and the leukotriene synthesis inhibitor

! Author for correspondence.

(MK-886, Gillard et al., 1989; Rouzer et al., 1990) were tested
for their ability to inhibit the coronary vascular effects of
PAF. The coronary vascular effects of leukotrienes and their
ability to mimic the coronary vascular effects of PAF were
also examined.

Methods

Rat heart perfusion

Following cervical dislocation, hearts from Sprague-Dawley
rats (250-350g) were rapidly excised and placed in cool
Krebs-Henseleit solution (4°C) aerated with 95% O, :5%
CO, . The solution had the following composition (mm): NaCl
120, NaH,PO, 1.18, MgSO, 1.18, KCl 4.76, CaCl, 1.25,
NaHCO, 25.0 and glucose 5.5. The aorta was cannulated for
coronary perfusion. The heart was allowed to beat sponta-
neously. The temperature of the perfusate was maintained at
37 £ 0.5°C and the coronary flow was controlled by a roller
pump. The perfusion pressure was measured by a pressure
transducer attached to a side arm of the aortic cannula. The
perfusion pressure was recorded on a Gould chart recorder
and monitored with a digital display of the perfusion pressure.
The detailed methodology of the isolated heart perfusion
system has been described previously (Man & Lederman,
1985).

Drug preparations and administration

Hearts were equilibrated with Krebs-Henseleit solution for
20min. During the equilibration period, the flow rate was
adjusted to obtain a control perfusion pressure of 65-
75mmHg. This perfusion pressure range was selected based
on our previous experience that the vasodilator response was
more prominent in this condition than at lower perfusion
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pressures (Man et al., 1990). In experiments which required a
drug pretreatment, 10min of stabilization with Krebs-
Henseleit solution was followed by 10min of pretreatment
with Krebs-Henseleit solution containing a PAF antagonist,
or a leukotriene antagonist, and continued throughout the
administration of PAF. The cyclo-oxygenase inhibitor, indo-
methacin, was added to the perfusion solution at the start of
the stabilization period and the effect of PAF injection was
tested after 45 min of perfusion in the presence of indometha-
cin. All stock solutions were made fresh daily and kept at 4°C
between experiments. The leukotriene antagonist, L-649,923
(sodium (8S*, R*)-4-(3-4(-acetyl-4-hydroxy-2-propylphenoxy)-
propylthio - y - hydroxy - § - methylbenzenebutanoate, Merck
Frosst Canada Inc) and the leukotriene synthesis inhibitor,
MK-886 (3-[1-(4-chlorobenzyl)-3-t-butyl-thio-S-isopropylind-
ol-2-y1]-2,2-dimethylpropanoic acid, Merck Frosst Canada Inc.)
were dissolved in distilled water and then diluted in
Krebs-Henseleit solution to a concentration of 0.1-5 uM and
lum respectively. BN-52021 (9H-1,7a~<epoxymethano)-
1H,6aH - cyclopenta(c)furo(2,3 - b)furo - (3,2’ : 3,4)cyclopenta -
(1,2-d)furan-5,9,12 - (4H)- trione, 3 -tert - butylhexahydro-8 -
methyl, Institut Henri Beaufour, France) was dissolved in
dimethyl sulphoxide (DMSO) and slowly added to warm
(50°C) Krebs-Henseleit solution while stirring constantly to a
final concentration of 30 uM in 0.4% DMSO. FR-900452 (1-
methyl-3-(1-(5-methylthiomethyl-6-ox0-3-(2-0x0-3-cyclopenten-
1-ylidene)-2-piperazinyl ethyl)-2-indolinone, Fujisawa Phar-
maceutical Co., Japan) was dissolved in ethanol then diluted
in Krebs-Henseleit solution to a final concentration of 5 um in
0.1% ethanol. Indomethacin (Sigma Chemical Co.) was dis-
solved in 0.1M Na,CO; solution and diluted in Krebs-
Henseleit solution to a final concentration of 2.8uM.
Experiments were also conducted to test the effects of 10 min
pretreatments with Krebs-Henseleit solutions containing 0.4%
DMSO and 0.1% ethanol on the coronary vascular response
to PAF. PAF, 1-0-alkyl-2-acetyl-sn-glycero-3-phosphocholine
(prepared from bovine heart, Sigma Chemical Co.) was pre-
pared fresh daily in saline (0.9% NaCl) containing 0.25%
bovine serum albumin (Sigma Chemical Co.). Only one injec-
tion of PAF was given to each heart. Bolus injections of PAF
were given in a volume of 0.1 ml and over a 1s period, into the
perfusion line 5-6 cm proximal to the aortic cannula. Changes
in perfusion pressure and the time at which maximum changes
occurred were recorded. Leukotriene B, (LTB,), LTC, and
LTD, (Merck Frosst Canada Inc.), were diluted daily in saline
(0.9% NaCl) to the appropriate amounts for bolus injections
of 0.1 ml.

Statistical analyses

Data were analyzed by Student’s ¢ test and analysis of
variance (ANOVA) followed by Duncan’s test where appro-
priate. Values are expressed as means + standard deviations
(s.d) and P < 0.05 was considered statistically significant.

Results

The effects of FR-900452, BN-52021, indomethacin,
L-649,923 and MK-886 on the response of rat hearts to
PAF

Table 1 summarizes the effects of various additions to Krebs-
Henseleit solution on some of the baseline parameters. The
flow rate was adjusted in these experiments to attain a per-
fusion pressure between 65-75mmHg. The flow rates in the
presence of ethanol, DMSO, indomethacin, L-649,923 and
MK-886 were not significantly different from the flow rate of
the group perfused with normal Krebs-Henseleit only. The
perfusion pressure of the group with BN-52021, although sig-
nificantly higher than the group perfused with Krebs-
Henseleit, was not different from the corresponding group
receiving the vehicle 0.4% DMSO. However, the perfusion
pressure and heart rate of the group with indomethacin was
higher than the corresponding group perfused with normal
Krebs-Henseleit only.

The effects of 1 and 100 pmol PAF on the perfusion pres-
sure in hearts pretreated with FR-900452 and BN-52021 are
summarized in Table 2. Bolus injections of 1pmol PAF in
hearts perfused with the vehicles 0.4% DMSO and 0.1%
ethanol resulted in decreases in perfusion pressure which
peaked within approximately 30s. The effect of PAF was
similar to our previous data obtained in hearts perfused with
normal Krebs-Henseleit solution (Man et al., 1990). FR-
900452 and BN-52021 had no effect on the perfusion pressure
response to 1pmol PAF (Table 2). Bolus injections of
100 pmol PAF resulted in biphasic responses in the groups
where 0.1% ethanol or 0.4% DMSO was added to Krebs-
Henseleit solution. In these experiments, the initial decrease in
perfusion pressure was followed by an increase in perfusion
pressure which peaked at approximately 1 min after the bolus
injection. Both FR-900452 (5 um) and BN-52021 (30 um) abol-
ished the increase in perfusion pressure. FR-900452 and BN-
52021 appeared to enhance the vasodilator component of the

Table 1 The effects of adding various compounds to Krebs-Henseleit solution on the perfusion parameters of rat hearts

Flow rate
(mlmin~'g~! heart)

Addition to normal
Krebs-Henseleit

None 115+ 1.7

Ethanol 11.7 + 3.2
0.1%

DMSO 119 + 2.6
0.4%

FR-900452 119+ 1.6
5.0 um

BN-52021 127 + 2.6
30 um

Indomethacin 110+ 1.1
2.8um

L-649,923 98 +19
1um

L-649,923 122+ 14
Sum

MK-886 114 + 0.6
1um

For full names of substances, see Methods section.

Control pressure Control heart rate

(mmHg) (beats min~?) n
677+ 1.7 270 + 39 9
678 + 2.7 272 + 46 12
69.3 + 2.6 289 + 44 15
698 + 2.5 252+ 29 14
71.0 4+ 2.6** 281 + 36 12
724 + 3.3** 323 + 50* 7
66.8 + 1.7 260 + 42 6
68.0 + 1.8 261 + 40 6
705 + 58 293 + 18 11

Values represent mean + s.d. ANOVA followed by Duncan’s test. was used to determine significant differences from the group perfused

with normal Krebs-Henseleit solution.
* P <0.05;** P <001.
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Table 2 The effects of the PAF receptor antagonists, FR-900452 and BN-52021, on the coronary vascular response to bolus injections

of 1 and 100 pmol PAF

Decrease in Increase in
perfusion pressure perfusion pressure
Control pressure Maximum Time Maximum Time

Solution (mmHg) (mmHg) (s) (mmHg) (s) n

(A) Bolus injections of 1 pmol PAF

Ethanol 68.3 + 2.8 42+53 25+ 14 — — 6
0.1%

FR-900452 710+ 1.6 46+ 1.5 14+4 — — 5
5.0um

DMSO 69.6 + 2.8 95+65 23+9 — — 8
0.4%

BN-52021 723 + 20 46 +24 31+9 — — 7
30 um

(B) Bolus injections of 100 pmol PAF

Ethanol 67.3 + 2.7 50+ 38 10+4 213 + 111 61 + 17 6
0.1%

FR-900452 69.1 +2.38 124 + 8.2* 22 +13* 2.2 4 3.3** 2 9
Sum

DMSO 689 + 25 57+35 13+6 200 + 6.1 67 + 19 7
0.4%

BN-52021 69.2 + 24 14.4 + 3.9** 23 + 6* 0+ 0** : S
30 um

For full names of substances, see Methods section.

Values represent mean + s.d. Student’s unpaired ¢ test was used for statistical comparisons between vehicle and treatment groups.
*P < 0.05; **P < 0.01. Time represents the time at which the maximum change occurred. * Since there was little or no effect of PAF

injections in these groups, the time was not applicable.

response to 100 pmol PAF in these groups (approximately two
times their respective vehicle control groups, P < 0.05).

The addition of indomethacin, 2.8 uM, to Krebs-Henseleit
solution did not significantly affect the response to bolus injec-
tions of 100pmol PAF (Table 3). The coronary vascular
effects of PAF were also examined in the presence of the leu-
kotriene antagonist, L-649,923 (0.1-5 uM). The results are sum-
marized in Table 3. Statistically significant reduction of the
decrease in perfusion pressure by PAF was observed with 1
and Sum L-649923 while significant reductions of the
increases in perfusion pressure were observed with 0.1-5um
L-649,923. When the highest concentration of L-649,923 (5 um)
was used, both the initial decrease and the subsequent
increase in the perfusion pressure were markedly reduced.
MK-886 (1uM) also significantly attenuated the changes in
perfusion pressure produced by PAF (Table 3).

The effects of leukotrienes C,, D, and B, on the
perfusion pressure of rat hearts

The results of bolus injections of LTC, and LTD, are sum-
marized in Table 4. Only rapid increases in perfusion pressure
(within 15s) were observed. Statistical analysis showed that
the increase in perfusion pressure following LTC, was dose-
dependent (P < 0.001). The increase in perfusion pressure fol-
lowing bolus injections of LTD, was also dose-dependent
(P < 0.01). The results of bolus injections of LTB, are sum-
marized in Table 4. The decrease in perfusion pressure in the
presence of LTB, was dose-dependent (P < 0.05).

The effects of bolus injections of LTB,, LTC, and LTD,
were studied in hearts pretreated with 5uM L-649,923 and
compared with the effects on the perfusion pressure in the

Table 3 The effects of indomethacin, L-649,923 and MK-886 on the coronary vascular response to bolus injections of 100 pmol PAF

Decrease in Increase in
perfusion pressure perfusion pressure
Control pressure Maximum Time Maximum Time
Solution (mmHg) (mmHg) (s) (mmHg) (s) n

Normal 677+ 1.7 89 + 6.5 10+5 27.1 + 138 71+ 22 9
Krebs-Henseleit

Indomethacin 724 + 33 53+ 30 11+3 329 + 106 49+ 8 7
2.8 um

L-649,923 68.3 + 2.1 70+ 22 1143 12.5 £ 7.2** 88 +8 6
0.1 um

L-649,923 67.8 + 1.7 87+19 11+3 6.3 + 4.4** 99 + 12 6
0.5 um

L-649,923 668 + 1.7 42 + 3.1 13+9 2.0 + 2.7** 2 6
1.0 um

L-649,923 68.0 + 1.8 1.8 + 1.0** 13+12 1.0 + 1.7** 2 6
5.0 um

MK-886 70.5 + 5.8 3.5+ 3.0*% 10+7 2.7 + 1.4%* 50 + 22 11
1um

For full names of substances, see Methods section.

Values represent mean + s.d. ANOVA followed by Duncan’s test was used to determine which groups were significantly different from
the group perfused with normal Krebs-Henseleit. * P < 0.05; ** P < 0.01. Time represents the time at which the maximum change
occurred. * Since there was little or no effect of PAF injections in these groups, the time was not applicable.
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Table 4 The changes in the perfusion pressure of rat hearts
following bolus injections of leukotriene C, (LTC,), LTD,
and LTB,

Changes in
perfusion pressure
Control pressure Maximum Time
(mmHg) (mmHg) (s) n
LTC,
1 pmol 68.3 + 3.8 +6.4 £ 3.5** 18+9 8
10 pmol 720 + 2.1 +238+102** 14+6 6
50 pmol 69.7 + 1.5 +582+23.0%* 14+1 6
100 pmol 66.5 + 1.3 +70.0 + 9.1** 11+1 4
LTD,
1 pmol 70.7 + 5.1 +73+42 23+ 11 3
100 pmol 68.8 +2.2 +39.8 + 104** 15+ 10 4
LTB,
1 pmol 69.7 + 34 —-07+1.2 — 6
10 pmol 712433 —45+64 — 6
100 pmol 694 + 3.5 —12.4 + 10.6* 11+4* 10

Values represent mean + s.d. The signs indicate increase or
decrease in perfusion pressure. ANOVA was used for sta-
tistical analysis, and indicated that the changes in perfusion
pressure induced by LTC,, LTD, and LTB, were all dose-
dependent. P < 0.05 and ** P < 0.01 when compared with
the pre-injection pressure. Time represents the time at which
the maximum change occurred. *n = 8, 2 hearts did not have
a vasodilatation response to LTB, .

absence of L-649,923 as shown in Table 4. Pretreatment with
of L-649,923 (5uM) significantly attenuated the decrease in
perfusion pressure following bolus injections of 100pmol
LTB, (124 + 10.6 vs 1.4 + 1.0mmHg, n =10 and 9 in the
absence and presence of L-649,923 respectively, P < 0.01). The
increases in perfusion pressure following bolus injections of
100 pmol LTC, and 100 pmol LTD, were also attenuated in
hearts pretreated with Sum L-649,923 (70.0 £ 9.1 vs.
32+ 1.8mmHg, n = 4 and 5 in the absence and presence of
L-649,923 respectively for LTC,, P < 0.01, and 39.8 + 10.4 vs
5.5+ 44mmHg, n = 4 and 4 in the absence and presence of
L-649,923 respectively for LTD,, P < 0.01).

The effects of bolus injections of LTB,, LTC, and LTD,
were also studied in hearts pretreated with 5umM FR-900452.
Pretreatment with the PAF antagonists did not affect the
vasoconstrictor response of the heart to 100pmol LTC,
(52.4 + 5.6, and 56.5 + 84mmHg, n = 5 and 6 in the absence
and presence of FR-900452 respectively) and 100 pmol LTD,
(55.2 + 5.7 and 56.5 + 13.9mmHg, n =5 and 6 respectively).
However, pretreatment with FR-900452 significantly attenu-
ated the vasodilator response of the heart to LTB, (8.3 + 2.5
and 2.4 + 1.6mmHg, n = 6 and 7 in the absence and presence
of FR-900452 respectively, P > 0.001).

Discussion

A bolus injection of 100pmol of PAF was used in most
experimental protocols in this study since this amount consis-
tently produced a biphasic response, i.e. an initial vasodilata-
tion followed by vasoconstriction. This enabled us to examine
the effects of various pharmacological interventions on both
the coronary vasodilatation and vasoconstriction-induced by
PAF in the same heart. As in previous studies on the perfused
heart, a constant flow rate was used in the present study and
changes in perfusion pressure were used as a reflection of the
presence of coronary vasodilatation or vasoconstriction.
Similar coronary vascular responses to a bolus injection of
PAF under constant pressure perfusion were observed when
the changes in coronary perfusion rate was measured by an
electromagnetic flow probe (unpublished observations).

The effects of two different PAF antagonists, FR-900452
(5 um) and BN-52021 (30 um) were examined on the coronary

vascular response to PAF in the rat perfused heart. These
antagonists were able to block the increase in perfusion pres-
sure following bolus injections of 100 pmol PAF, but not the
decrease in perfusion pressure. The same concentrations of the
PAF antagonists also had no effect on the decreases in per-
fusion pressure as a result of the injection of 1pmol PAF.
Thus, the coronary vasodilator and vasoconstrictor effects of
PAF appear to be initiated by different mechanisms at the
membrane level. The concentrations of FR-900452 and BN-
52021 have been demonstrated to antagonize the platelet
aggregating effect of PAF (Okamoto et al., 1986; Nunez et al.,
1986). Higher concentrations of FR-900452 and BN-52021
were not tested due to their limited solubility in aqueous solu-
tion, the need to use solvents as vehicles and the limited avail-
ability of larger quantities of these compounds.

Piper & Stewart (1986, 1987) showed that indomethacin
attenuated the increase in perfusion pressure in rat and
guinea-pig hearts following bolus injections of PAF. Also,
indomethacin blocked the coronary constriction produced by
intracoronary injection of PAF in the pig heart (Feuerstein et
al., 1984). These data suggest that the effects of PAF may be
mediated by cyclo-oxygenase products. However, under our
experimental conditions, pretreating the rat hearts with indo-
methacin had no significant effect on the vasodilator and
vasoconstrictor responses following bolus injections of PAF.
Our data therefore suggest that cyclo-oxygenase products are
not important in the mediation of the coronary vascular
response of PAF and are contrary to previous results. This
can be due to the differences in the perfusion pressure in our
study from those of Piper & Stewart (1986, 1987). The higher
starting perfusion pressure used in the present study may be
more susceptible to demonstrating the vasodilator response
(Man et al., 1990) than the lower perfusion pressure used pre-
viously. Species difference (rat heart vs. pig heart) may also
account for the difference between our results and those of
Feuerstein et al. (1984).

The biphasic coronary vascular response to bolus injection
of PAF in the rat perfused heart was blocked by the leuko-
triene antagonist (L-649,923) and leukotriene synthesis inhibi-
tor (MK-886). This suggested that the PAF effects were
mediated by leukotrienes. In previous studies, the leukotriene
antagonist FPL-55712, was shown to attenuate the vasocons-
trictor response following injections of PAF (Feuerstein et al.,
1984; Piper & Stewart, 1986; Fiedler et al., 1987). However,
the vasodilator effect, when observed, was not altered by FPL-
55712 (Feuerstein et al., 1984; Fiedler et al., 1987). It is not
known whether the differences in the effectiveness of L-649,
923 and FPL-55712 in inhibiting the vasodilator response is
due to their selectivity for different leukotrienes. Bolus injec-
tions of LTC, and LTD, resulted in increases in perfusion
pressure, which were blocked when the hearts were pretreated
with 5uM L-649,923. In the present study, bolus injections of
LTB, caused decreases in perfusion pressure which were also
blocked when the hearts were pretreated with L-649,923.
Therefore, bolus injections of leukotrienes are capable of mim-
icking the individual components of the biphasic response to
PAF.

In previous studies, the increase in perfusion pressure fol-
lowing a bolus injection of PAF in the rat heart could not be
repeated by a second injection (Piper & Stewart, 1986; 1987;
Man et al, 1990). In this study, we were able to observe
increases in perfusion pressure following repeated bolus injec-
tions of LTC, or LTD, (results not shown). This indicates
that the endogenous leukotrienes may be exhausted following
the first injection of PAF. However the blood vessels are still
capable of responding to exogenously administered leuko-
trienes. This provides further indirect evidence to support the
hypothesis that the PAF effects are mediated by the release of
vasoactive compounds such as leukotrienes and the depletion
of these compounds limits the response to subsequent expo-
sure to PAF.

Specific binding of radiolabelled PAF was first demon-
strated in platelets (Valone et al, 1982; Hwang et al., 1983)
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and subsequently demonstrated in a number of tissues (see
review of Braquet et al., 1987). The binding of PAF showed
the presence of high affinity sites, stereospecificity and satura-
tion kinetics. These data suggested the presence of a specific
PAF receptor on the cell membrane and the binding of PAF
could be blocked by PAF antagonists (Braquet et al., 1987,
Saunders & Handley, 1987). The presence of multiple PAF
receptors was suggested by the study of Hwang (1988). While
commonly used PAF antagonists blocked receptor binding in
human platelets and polymorphonuclear leukocytes with
similar potency, ONO-6240 showed 6-10 times higher
potency in human platelets than in leukocytes. Additional evi-
dence for this concept was provided by the observation that
the ionic requirement for PAF receptor binding was also dif-
ferent between the platelets and leukocytes (Hwang, 1988).

The results of the present study can be explained on the
basis of the presence of two different PAF receptors in the rat
heart. The activation of the first type of PAF receptor leads to
the formation of LTB, resulting in the observed coronary
vasodilatation while the activation of the second type of PAF
receptor leads to the formation of LTC, and/or LTD,
resulting in coronary vasoconstriction. The PAF antagonists
that we used were able to block the receptors involved in the
vasoconstrictor response only. In contrast, a high concentra-
tion of the leukotriene antagonist (L-649-923, 5uM) and the
leukotriene synthesis inhibitor (MK-886, 1 M) were able to
abolish the coronary vasodilator and vasoconstrictor actions
of PAF.

The different time course of the vasodilator and vasocon-
strictor effects of PAF (peak effect 20-30s and 60-90s
respectively) also suggests the existence of two PAF receptor
sites which when activated will mediate the vasodilator and
vasoconstrictor responses at different rates. The use of specific
LTB,, LTC, and LTD, antagonists would enable us to
examine this hypothesis further. Although the leukotriene
antagonist L-649,923 showed specificity for LTD, in binding
assay (Jones et al., 1986), the selectivity of L-649,923 in vivo
may be less (Ford-Hutchinson, personal communication). This
would account for our results that SuM L-649,923 abolished
both the vasodilator and vasoconstrictor actions of PAF.
However, selectivity of L-649,923 can be detected when lower
concentrations of L-649,923 (0.1-0.5 um) were used. Substan-
tial reduction of the coronary vasoconstrictor effect of PAF
was observed while no significant effect on the coronary vaso-
dilator action of PAF was detected (Table 3). Another con-
sideration is that L-649,923 may have a non-specific effect on
PAF receptors and therefore can inhibit the coronary vascular
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Adenosine-induced dilatation of the rabbit hepatic arterial bed
is mediated by A,-purinoceptors

IR.T. Mathie, B. Alexander, *V. Ralevic & *G. Burnstock

Department of Surgery, Royal Postgraduate Medical School, London W12 ONN and *Department of Anatomy &
Developmental Biology, University College London, London WCIE 6BT

1 This study was carried out in order to identify the receptor responsible for adenosine-induced dila-
tation of the hepatic arterial vascular bed.
2 Livers of 10 New Zealand White rabbits were perfused in vitro with Krebs-Biilbring buffer via the
hepatic artery and the portal vein at constant flows of 26 and 77mlmin~' 100g ™! liver respectively. The
tone of the preparation was raised by the presence of noradrenaline in the perfusate (concentration:
1075 m).
3 Dose-response curves for adenosine and its analogues 5'-N-ethyl-carboxamido-adenosine (NECA), the
2-substituted NECA analogue CGS 21680C, and R- and S-NS-phenyl-isopropyl-adenosine (R- and S-PIA)
were obtained after their injection into the hepatic arterial supply.
4 The order of vasodilator potency of these agents was: NECA > CGS 21680C > adenosine > R-
PIA > S-PIA. Their potency, expressed relative to that of adenosine, was in the approximate ratio
10:3:1:0.3:0.1, consistent with that resulting from activation of P;-purinoceptors of the A, sub-type
(which mediate vasodilatation due to adenosine).
5 The P,-purinoceptor antagonist 8-phenyltheophylline (10~ 5M) caused significant attenuation of the
vasodilatation to adenosine and analogues.
6 It is concluded that adenosine-induced dilatation of the hepatic arterial vascular bed is mediated by
P,-purinoceptors of the A, sub-type.

Keywords: Hepatic artery; portal vein; adenosine; purinoceptors

Introduction

The vasodilator response of the hepatic artery (HA) to portal
vein (PV) flow interruption is mediated, at least in part, by
adenosine (Lautt et al., 1985; Lautt & Legare, 1985; Mathie &
Alexander, 1990). Adenosine therefore plays an important role
in the regulation of HA blood flow, though the actual mecha-
nism by which it exerts physiological control of the circulation
remains speculative. The release of adenosine may be contin-
uous, so that during PV occlusion it may accumulate and
result in HA dilatation (Lautt, 1985; 1988), or its release may
be regulated by tissue hypoxia or oxygen supply-to-demand
imbalance (Berne et al., 1983; Bardenheuer & Schrader, 1986).

On the basis of studies in other tissues, it may be surmised
that adenosine, whatever its mechanism of release, exerts its
dilator action in the liver via a purine receptor located within
the HA microvasculature (Burnstock & Kennedy, 1986), but
little or no information is available in the literature to confirm
or refute this supposition. Purine receptors in the cardio-
vascular system comprise two distinct populations (Burnstock
& Kennedy, 1986; Williams, 1987): P,-purinoceptors, which
mediate responses to adenosine and adenosine mono-
phosphate (AMP), and P,-purinoceptors, which mediate
responses to adenosine diphosphate (ADP) and adenosine tri-
phosphate (ATP). P,-purinoceptors of the A, sub-type (which
mediate vasodilatation due to adenosine) have been identified
in the smooth muscle of the aorta (Collis & Brown, 1983), and
of the coronary (Kusachi et al., 1983; 1986; Mustafa & Askar,
1985; Hamilton et al, 1987) and cerebral circulations
(Edvinsson & Fredholm, 1983), but this has not been investi-
gated in the HA circulation. The present study was carried out
to identify the purine receptor sub-type in the HA vascular
bed which may be responsible for adenosine induced dila-
tation.

We have adopted a pharmacological technique for charac-
terizing the hepatic P,-purinoceptor population by estab-

! Author for correspondence.

lishing the rank order of vasodilator potency of adenosine and
its analogues 5'-N-ethyl-carboxamido-adenosine (NECA) and
the R- and S- stereoisomers of PIA (NS-phenyl-isopropyl-
adenosine) (Bruns et al., 1986; Daly et al., 1986; Oei et al.,
1988). (In keeping with current usage, we have employed the
Cahn-Ingold-Prelog convention of describing stereoisomers
by R- and S- prefixes instead of L- and D- respectively, while
retaining the acronym PIA for the substance designated in
IUPAC nomenclature as N°-[1-methyl-2-phenylethyl]-
adenosine (Bruns et al, 1986).) At A, receptors, it is well
established that NECA is 1-2 orders of magnitude more
potent than R-PIA, and that R-PIA is only 2-5 times more
potent than S-PIA (Collis & Brown, 1983; Kusachi et al,
1983; Collis, 1985; 1989). In addition, we have investigated the
vasodilator potency of the recently developed, high-affinity A,
agonist CGS 21680C (a 2-substituted analogue of NECA : Bal-
wierczak et al., 1989; Hutchison et al., 1989) in comparison to
adenosine and NECA. The receptors were further character-
ized by wuse of the P,-purinoceptor antagonist, 8-
phenyltheophylline.

A novel, in vitro, dual-perfused, rabbit liver model has been
adopted for the investigation. The HA and PV are perfused
simultaneously with Krebs-Biilbring buffer at constant,
physiological flow rates (Alexander et al., 1991), an approach
that has enabled us to investigate in detail the responses of the
HA bed to pharmacological stimulation in the presence of an
unchanging, normal PV flow rate.

Methods

Operative procedures

Experiments were carried out on a total of 10 New Zealand
White rabbits of either sex, weighing 2.5-3.8 kg (mean 2.9 kg).
The operative technique has been described elsewhere
(Alexander et al., 1991), but will be outlined in brief here. The
rabbits were initially sedated with fentanyl-fluanisone i.p.
(‘Hypnorm’, 0.25mlkg~'), and then anaesthetized with a
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mixture of 1 part Hypnorm (0.3mlkg™!) and 1 part mid-
azolam (‘Hypnovel’, 1.5mgkg™') in 2 parts water i.p. (total:
1.20ml kg™ ') (Flecknell, 1987). A marginal ear vein was can-
nulated for subsequent i.v., administration of the Hypnorm/
midazolam/water mixture (0.25-0.5mlkg™'h™1).

The abdomen was opened through a mid-line incision, and
the common bile duct cannulated. The gastroduodenal artery
was cannulated (Portex 3FG), and the catheter advanced to
the junction of the common and proper hepatic arteries; the
common hepatic artery was then ligated and divided, and
4-5ml saline infused into the catheter to prevent blood coagu-
lation in the intrahepatic HA vasculature. After adminis-
tration of heparin i.v. (100 units kg !), the PV was cannulated
and 40-50 ml saline infused into the catheter to prevent accu-
mulation of blood in the intrahepatic PV system. The liver
was then rapidly, but carefully, excised from the animal,
weighed and placed in an organ bath.

Liver perfusion

The liver was perfused at constant flow rates via the HA and
the PV from a common reservoir of oxygenated (95% O,/5%
CO,) Krebs-Biilbring buffer solution of the following com-
position (mMm): NaCl 133, KCl 4.7, NaH,PO, 1.35, MgSO,
0.61, glucose 7.8 and CaCl, 2.52 at 37°C. All livers appeared
evenly perfused, and this was confirmed at the end of each
experiment by the local injection of Patent Blue into both the
HA and the PV. Mean flow rates for all experiments were
26mimin~'100g~! (HA) and 77mlmin~!100g~! (PV). Per-
fusion pressures were measured with Gould P23 pressure
transducers on side-arms of the perfusion circuit, and record-
ings made on a Grass 79D polygraph. Bile was collected for
the duration of perfusion. No evidence of oedema was
observed in any liver.

After an equilibration period of 5-10min, the tone of the
preparation was raised by adding to the perfusate noradrena-
line to a final concentration of 10~ M.

Drug administration

Adenosine (hemisulphate), NECA, R-PIA, S-PIA, acetyl-
choline chloride, noradrenaline bitartrate and 8-
phenyltheophylline (8-PT) were obtained from Sigma. CGS
21680C was obtained from CIBA-Geigy Corporation,
Summit, New Jersey, U.S.A. Adenosine, NECA, CGS 21680C
and acetylcholine were dissolved in distilled water; R- and
S-PIA were dissolved in a 1:1 mixture of dimethyl formamide
(DMF) and methanol; noradrenaline was made up as a 10 mm
stock solution in 0.1 mM ascorbic acid (to prevent oxidation);
8-PT was made up in a mixture of methanol and 1M NaOH
(80%:20%).

Adenosine and its analogues, in the dose range 10~ !°-
10~ % mol, were injected in turn as 0.1 ml boluses into the HA,
via a rubber septum in the circuit. They were administered in
a regimen so that injections of a given concentration of all
compounds were made over a minimum period of time. Injec-
tions of the vehicle (water or DMF/methanol) were given at
the end of each experiment in order to account for any injec-
tion artefact or haemodynamic response; water caused no
change in pressure other than the injection artefact, while
DMF/methanol, at a concentration equivalent to the highest
dose of R- and S-PIA only, caused a small decrease in HA
pressure which was subtracted from the relevant PIA
responses.

The above protocol was employed in 2 separate groups of
rabbits: in Group I (6 rabbits) the effects of adenosine, NECA,
R-PIA, and S-PIA were compared; in Group II (4 rabbits) the
effects of adenosine, NECA and CGS 21680C were compared.

The P,-purinoceptor antagonist 8-PT was then added to
the perfusate to a final concentration of 10”°M and after 10-
15 min, HA injections of adenosine (Group I) or NECA, CGS
21680C and adenosine (Group II) were repeated over the
same concentration range as before.

In order to confirm retained vasodilator competence of the
HA bed following 8-PT administration, 10 ?mol and
10™®mol acetylcholine were injected into the HA in 5 of the
10 livers, both in the presence and in the absence of 8-PT in
the perfusate.

Statistics and presentation of data

Responses were recorded as changes in perfusion pressure
(mmHg). Student’s paired and unpaired ¢ tests were used, as
appropriate, to test the significance of differences between
responses, P < 0.05 being taken as significant. All results are
quoted as mean + s.e.mean.

The vasodilator potency of each agent was defined by the
PD,, the negative logarithm of the number of mol of drug
required to elicit a half-maximal response.

Results

Perfusion indices

Group I (NECA, adenosine, R-PIA, S-PIA). Basal perfusion
pressures in the HA and PV were 102 + 11 mmHg and
12 + 1 mmHg respectively. Pressures in the HA and PV
increased to 148 + 8 mmHg and 15 + 2mmHg respectively
following the addition of noradrenaline to the perfusate. The
total volume of bile collected was 12.7 + 2.8 ml over the
145 + 8 min perfusion period, approximating to an hourly
mean output of 5.3 ml.

Group 11 (NECA, CGS 21680C, adenosine). Basal perfusion
pressures in the HA and PV were 75 +22mmHg and
8 + 2mmHg respectively. Pressures in the HA and PV
increased to 148 + 19mmHg and 14 + 3mmHg respectively
following the addition of noradrenaline to the perfusate. The
total volume of bile collected was 9.8 + 1.7ml over the
155 + Smin perfusion period, equivalent to an hourly mean
output of 3.8 ml.

Dose-response to adenosine and analogues

Group I (NECA, adenosine, R-PIA, S-PIA). Bolus injections
of NECA, adenosine, R- and S-PIA produced dose-dependent
vasodilator responses in the HA (Figure 1). Dose-response
curves for the 4 agonists are illustrated in Figure 2a. The
maximum response produced by NECA and adenosine was
similar, but the PD, for each differed significantly (8.6 + 0.2
and 7.6 + 0.2 respectively; P = 0.004). The PD,s for R- and
S-PIA were estimated as 7.0 and 6.5 respectively; more accu-
rate calculations could not be made because maximum
responses were not achieved due to the limited solubility of
these agents. The rank order of vasodilator potency was there-
fore: NECA > adenosine > R-PIA > S-PIA; their potency,
expressed relative to the PD, of adenosine, was in the approx-
imate ratio 10.0:1.0:0.25:0.08.

Group I1 (NECA, CGS 21680C, adenosine). Dose-response
curves for NECA, CGS 21680C and adenosine are illustrated
in Figure 3a; each drug produced a similar maximum
response, though this was about 5mmHg less than that in
Group I. The PD, for each drug differed (8.5 + 0.1, 8.1 + 0.2
and 7.6 + 0.1 for NECA, CGS 21680C and adenosine
respectively). There was a statistically significant difference
between the PD,s of NECA and adenosine (P = 0.002) and of
CGS 21680C and adenosine (P = 0.05), but not between those
of NECA and CGS 21680C (P = 0.08). The rank order
of agonist potency was thus: NECA > CGS 21680C >
adenosine; their potency, expressed relative to the PD, of
adenosine, was in the ratio 7.9: 3.2 : 1.0.

Effect of 8-phenyltheophylline

Group I (NECA, adenosine, R-PIA, S-PIA). 8-PT attenuated
responses to adenosine, as indicated by a shift to the right in
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Figure 1 Vasodilator responses to (a) S-N°-phenyl-isopropyl-aden-
osine (S-PIA), (b) R-PIA, (c) adenosine and (d) S5'-N-ethyl-
carboxamido-adenosine (NECA) in the hepatic arterial (HA) vascular
bed of an isolated, dual-perfused rabbit liver (0.1 ml of each agent at
the doses indicated), showing the relative potency of the four agonists.
The spike prior to response is an injection artefact.
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its dose-response curve (Figure 2b). The PD, was 6.7 + 0.2,
which was significantly different from the normal value of
7.6 + 0.2 (P =0.04). The difference between responses to
adenosine before and after the addition of 8-PT was sta-
tistically significant at the 4 doses from 1078-3 x 10~ " mol.
The effect of 8-PT on responses to NECA, R- and S-PIA: was
not studied.

Group 11 (NECA, CGS 21680C, adenosine). 8-PT resulted in
a substantial shift to the right of the dose-response curve of
each of the three agents (Figure 3). The vasodilatation produc-
ed by each compound was significantly reduced at all doses
used except the highest (10~ mol; see Figure 3b).

Response to acetylcholine

Acetylcholine (10~° and 10~ 8 mol) decreased HA pressure by
12.8 + 1.2 and 17.7 + 3.7mmHg respectively before the addi-
tion of 8-PT to the perfusate. After the addition of 8-PT to the
perfusate, the corresponding pressure decreases were almost
identical (12.2 + 1.3 and 17.6 + 2.7 mmHg).

Discussion

The order of potency we have demonstrated for adenosine
and its analogues to produce vasodilatation of the HA vascu-
lar bed is characteristic of P,-purinoceptors of the A, sub-type
(Collis, 1985; Burnstock & Kennedy, 1986; Williams, 1987).
Moreover, the potency ratio of the 4 agents employed in
Group I experiments is within the range expected from pre-
viously published studies on the A, receptor (Collis & Brown,
1983; Collis, 1985; 1989); for example, we have shown NECA
to be 40 times more potent than R-PIA in dilating the HA,
while R-PIA had only three times the potency of S-PIA. In

—log (mol) drug injected

Figure 2 (a) Hepatic arterial (HA) vasodilator response to increasing
doses of 5'-N-ethyl-carboxamido-adenosine (NECA) (@), adenosine
(M), R-N®-phenyl-isopropyl-adenosine (R-PIA) (#) and S-PIA (V) in
the isolated, dual-perfused rabbit liver (Group I). (b) Hepatic arterial
(HA) vasodilator response to increasing doses of adenosine before (I)
and during ((J) administration of 10~ > M 8-phenyltheophylline (8-PT)
(Group I). Statistically significant differences between responses before
and during 8-PT administration: * P < 0.05; ** P < 0.01.

addition, 8-PT resulted in a significant inhibition of the
dilator response to adenosine, providing evidence for the exis-
tence of a population of P,-purinoceptors in the HA vascular
bed. We therefore conclude that A, receptors mediate
adenosine-induced dilatation of the HA bed in the rabbit liver.
This conclusion was reinforced by the results from Group
II, which showed a similar relative potency between adenosine
and NECA as found in Group I and an inhibition by 8-PT of
all three agonists used. In addition, the high-affinity A,
agonist CGS 21680C stimulated HA vasodilatation with a
potency three times greater than adenosine and one half
(though not significantly different from) that of NECA. CGS
21680C is 140 fold more selective for A, receptors than for A,
receptors, and has been reported to be equipotent with NECA
in vasodilating the coronary artery (Hutchison et al., 1989).
The lesser maximal responses to adenosine and NECA in
Group II compared to those in Group I cannot be explained
by differences in perfusion characteristics or any other known
factor; however, the maximal responses obtained from each
group were internally consistent, and therefore the existence of
a difference between the groups does not invalidate any of the
conclusions drawn. Our use of acetylcholine before and after
application of 8-PT demonstrated the retention of non-
purinergic relaxation of HA smooth muscle in both groups.
We are not aware of any previous paper demonstrating the
existence of A, purinoceptors in the HA vascular bed.
However, Schiitz et al. (1982) found evidence for A, receptors
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Figure 3 (a) Hepatic arterial (HA) vasodilator response to increasing
doses of 5'-N-ethyl-carboxamido-adenosine (NECA) (@), CGS
21680C (A) and adenosine (M) in the isolated, dual-perfused rabbit
liver (Group II). (b) Hepatic arterial (HA) vasodilator response to
increasing doses of NECA (@), CGS 21680C (A) and adenosine ()
during administration of 10~ ° M 8-phenyltheophylline (8-PT) (Group
II). Statistically significant differences (P < 0.05) were observed
between responses before and during 8-PT administration (cf. Figure
3a) at the following log doses of all three agonists: —8, —7.5, —7 and
—6.5mol.

on rat liver membranes, and Buxton et al. (1987) showed that
the PV of the perfused rat liver contains A, receptors, which,
interestingly, they found to mediate vasoconstriction due to
adenosine. A, receptors have been demonstrated in several
other sites in the body (Burnstock & Kennedy, 1986); in the
cardiovascular system their presence has been demonstrated
in ‘the smooth muscle of the coronary and cerebral circula-
tions as well as in the aorta (Kusachi et al., 1983; Edvinsson &
Fredholm, 1983; Collis & Brown, 1983). Further work from
our own laboratory using the present experimental model has
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Characterization of P,x- and P,y-purinoceptors in the rabbit

hepatic arterial vasculature
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1 Responses to adenosine 5'-triphosphate (ATP) and its agonists were studied in the isolated liver of the
rabbit dually perfused through the hepatic artery and the portal vein.

2 In the hepatic arterial vascular bed at basal tone, ATP and its agonists elicited vasoconstrictor
responses with the rank order of potency af-methylene ATP > 2-methylthio ATP > ATP, consistent
with their action at the P,y-purinoceptor.

3 When tone was raised with noradrenaline (103 M), vasodilator responses were produced with ATP
and 2-methylthio ATP; o,f-methylene ATP produced only further constriction. The rank order of vasodil-
ator potency was 2-methylthio ATP > ATP » a,f-methylene ATP, consistent with their action at the
P,y-purinoceptor.

4 Methylene blue (10~ M) antagonized vasodilator responses to acetylcholine and ATP, but not those to
adenosine or sodium nitroprusside. Addition of 8-phenyltheophylline (10~ *M) antagonized responses to
adenosine but not those to sodium nitroprusside. Responses to ATP remaining after antagonism with
methylene blue were not further antagonized by 8-phenyltheophylline.

S These results present evidence for discrete P,x- and P,y-purinoceptors in the rabbit hepatic arterial
bed which mediate vasoconstrictor and vasodilator responses respectively.

6 Vasodilatation produced by ATP was entirely due to direct action at the P,y-purinoceptor, and not at
a P,-purinoceptor following breakdown to adenosine. The antagonism of these responses by methylene
blue is consistent with the view that vasodilatation by ATP takes place largely via endothelial
P,y-purinoceptors that lead to release of endothelium-derived relaxing factor. However, we cannot
exclude the possibility that P,y-purinoceptors located on the vascular smooth muscle play a contributory

role in ATP-induced vasodilatation.

Keywords: Hepatic artery; portal vein; adenosine 5'-triphosphate (ATP); purinoceptors

Introduction

The liver obtains its blood supply from both the hepatic
artery (HA) and the hepatic portal vein (PV), but it is only the
former which contributes significantly to the regulation of
hepatic blood flow. Nevertheless, there is an intimate relation-
ship between the two systems, as shown by the ability of the
HA to produce reciprocal compensatory flow changes in
response to changes in PV flow (termed the ‘buffer response’)
(Lautt, 1981; Richardson, 1982; Lautt & Greenway, 1987).
While adenosine has been strongly implicated as a mediator
of the buffer response (Lautt et al., 1985; Lautt & Legare,
1985), there is evidence that this is not the only mediator
(Mathie & Alexander, 1990), and it is possible that adenosine
5'-triphosphate (ATP) has an important role. A recent study
has also implicated ATP in extrinsic regulation of the liver, as
it was shown that ATP acts as a cotransmitter with nor-
adrenaline in sympathetic nerves of the rabbit isolated hepatic
artery (Brizzolara & Burnstock, 1990).

Consistent with the putative role of adenosine and ATP as
mediators of hepatic blood flow regulation, these purines have
been shown to have potent pharmacological effects on the
rabbit isolated hepatic artery (Brizzolara & Burnstock, 1990),
in isolated perfused livers of the rat (Lee & Filkins, 1988) and
rabbit (Mathie et al., 1991a), and in vivo in the livers of the cat
(Lautt et al., 1985) and dog (Mathie & Alexander, 1990).
Adenosine and ATP elicit their effects on the vasculature by
activation of P;- and P,-purinoceptors respectively. While the
vasodilator effects of adenosine on the rabbit HA vascular bed
have recently been identified as being mediated by the A,

! Author for correspondence.

subtype of P,-purinoceptor (Mathie et al, 1991a), no such
studies have been performed to characterize the HA
P,-purinoceptor.

According to the classification proposed by Burnstock &
Kennedy (1985) P,-purinoceptors may be subdivided into
types P,x and P,y based principally on the rank order of
potency of ATP and its structural analogues. At the
P,x-purinoceptor agonist potency is a,f-methylene ATP (a,8-
meATP), B,t-methylene ATP (8,7-meATP) > ATP = 2-
methylthio ATP (2me.S.ATP), whilst at the P,-purinoceptor
the agonist potency order is 2me.S.ATP > ATP > o8-
meATP, B,:-meATP. In general, P,x-purinoceptors mediate
vasoconstriction and are located on the vascular smooth
muscle; P,y-purinoceptors mediate vasodilatation and are
present on endothelial cells (Kennedy et al., 1985; Houston et
al., 1987; Ralevic & Burnstock, 1988) causing relaxation
through the production of endothelium-derived relaxing
factor (EDRF) (Furchgott & Zawadski, 1980), although in
some vessels they are also located in the medial muscle coat
(Kennedy & Burnstock, 1985; Mathieson & Burnstock, 1985).

The present study was carried out to characterize the
P,-purinoceptor subtypes present in the rabbit HA vascular
bed. A dual-perfused liver preparation was used (Alexander et
al.,, 1991); this model, which has been successfully used to
characterize HA adenosine receptors (Mathie et al., 1991a),
enabled arterial responses to be elicited in the presence of
normal PV flow. In the pathway of purine catabolism ATP is
broken down to adenosine by degradative enzymes. To deter-
mine to what extent adenosine, formed from ATP, was con-
tributing to the effects of ATP, and to investigate the
mechanism of action of the vasodilator response, the aden-
osine receptor antagonist 8-phenyltheophylline (8-PT) and
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methylene blue, an inhibitor of guanylate cyclase and of
endothelium-derived relaxing factor (EDRF)-mediated res-
ponses, were used.

Methods

Six male New Zealand White rabbits weighing 2.3-3.3kg
(mean 2.7kg) were used in the study. The operative pro-
cedures have been described in detail previously (Alexander et
al., 1991). Briefly, rabbits were initially sedated with fentanyl/
fluanisone (‘Hypnorm’ 0.25mlkg~!, i.p.) and then anaes-
thetized with a mixture of 1 part Hypnorm (0.3 mlkg™!) and 1
part midazolam (‘Hypnovel’, 1.5mgkg~') in 2 parts water
(total 1.20mlkg™!, i.p.) (Flecknell, 1987). A marginal ear vein
was cannulated for subsequent i.v. administration of the
Hypnorm/Hypnovel mixture (0.25-0.5mlkg"*h1).

A mid-line abdominal incision was made and the common
bile duct exposed and cannulated. The gastroduodenal artery
was then cannulated (Portex 3FG), and the catheter advanced
to the junction of the common and proper hepatic arteries.
The common HA was then ligated and severed, and 4-5Sml
saline infused into the catheter to prevent blood coagulation.
Following administration of heparin (100 unitskg™?, i.v.) the
PV was cannulated and 40-50 ml saline infused into the cathe-
ter to prevent accumulation of blood in the intrahepatic PV
system. The liver was immediately excised, weighed and
placed into an organ bath in the perfusion system.

Liver perfusion

The liver was perfused with Krebs-Biilbring solution contain-
ing (mm): NaCl 133, KCl 4.7, NaH,PO, 1.35, NaHCO, 16.3,
MgSO, 0.61, glucose 7.8 and CaCl, 2.52, oxygenated (95%
0,/5% CO,) and maintained at 37°C. Perfusion was via the
HA and PV at mean flows of 24mlmin~! 100g~! and
76 mlmin~! 100 g~ ! respectively. Perfusion pressure was mea-
sured with Gould P23 pressure transducers on side arms of
the perfusion cannulae, and recordings made on a Grass
model 79D polygraph. Bile was collected throughout the
experiment.

Drugs

After a 10min equilibration period, drugs were administered
as 100ul bolus injections into the HA. Vasoconstrictor
responses were examined in the preparation at basal tone.
Vasodilator responses were examined in the raised tone prep-
aration, with tone raised by the addition of 10~ 5M NA to the
perfusate. In the basal tone preparation drugs were applied in
the order ATP, 2me-S.ATP, «,f-meATP to avoid desensi-
tization by the potent P,y agonist a,f-meATP. In the raised
tone preparation responses to drugs were obtained in the
order: ATP, 2me-S.ATP, acetylcholine (ACh), sodium nitro-
prusside (SNP), adenosine. The effects of a,f-meATP on the
raised-tone preparation were examined in three livers.
Responses to ATP, ACh, SNP and adenosine were repeated in
the raised tone preparation 10-15min after the addition of
methylene blue to the perfusate to a concentration of 10~ ° M.
The maximisation of the antagonistic effect of methylene blue
over this time was confirmed with consecutive applications of
a fixed dose of ACh. Further dose-response curves for ATP,
SNP and adenosine were obtained 10-15min following addi-
tion of 10~ %M 8-PT to the perfusate (still in the presence of
methylene blue).

Adenosine S'-triphosphate (sodium salt), o,f-methylene
ATP (lithium salt), adenosine (hemisulphate), acetylcholine
chioride, noradrenaline bitartrate, methylene blue, 8-
phenyltheophylline and sodium nitroprusside were obtained
from Sigma. 2-Methylthio ATP (sodium salt) was obtained
from Research Biochemicals Inc. (U.S.A.). All drugs were
made up in distilled water except for NA which was made up
as a 10mMm stock solution in 0.1 mM ascorbic acid (to prevent

oxidation), and 8-phenyltheophylline which was made up in a
mixture of 80% methanol: 20% 1M NaOH.

Statistical analysis

Vasoconstrictor and vasodilator responses were recorded as
changes in perfusion pressure (mmHg). All results are quoted
as mean (+ s.e.mean). Statistical significance was evaluated by
the Student’s ¢ test (P < 0.05 was taken to be significant).

Results

The basal perfusion pressure of the preparation remained con-
stant for the duration of the experiment: perfusion pressures
following the addition of NA were 122.5 + 9.1 mmHg for the
HA and 163 + 24mmHg for the PV (n=6). Total bile
volume collected was 7.6 + 3.3ml over 150 + 4min of per-
fusion.

The effect of ATP and its analogues on the hepatic
arterial bed at basal perfusion pressure

Bolus injections of ATP, 2me.S.ATP and «,8-meATP produc-
ed dose-dependent, vasoconstrictor responses (Figure 1). The
order of potency of these agents in eliciting constriction was
of-meATP > 2me.S.ATP > ATP (Figure 2a). pD, values
were 8.50 + 0.11, 7.68 + 0.21 and 6.89 + 0.13 respectively
(n = 6). Despite the recovery period allowed between doses
(dose cycle 4 min) a,-meATP showed a consistent tendency to
desensitize at doses subsequent to application of a bolus injec-
tion of 3 x 10~ 8 mol (see Figure 1c).

The effect of ATP and its analogues on the
preconstricted hepatic arterial bed of the rabbit

ATP and 2me.S.ATP produced vasodilator responses in the
HA bed in which tone had been raised by continuous per-

904 @ ATP
a0 O 0 O Y N

1 min
50 A A A A 'y —_
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Figure 1 Vasoconstrictor responses of the isolated, dual-perfused

liver preparation of the rabbit (at basal tone) to increasing doses
(0.1ml injections) of: (a) adenosine $'-triphosphate (ATP), (b) 2-
methylthio ATP (2me.S.ATP) and (c) «f-methylene ATP (ap-
meATP). The spike prior to the response is an injection artefact.
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Figure 2 Dose-response curves showing the effects of adenosine 5'-
triphosphate (ATP) and its analogues on the rabbit hepatic arterial
bed at (a) basal tone and (b) with tone raised by the addition of nor-
adrenaline (10~ 3 M) to the perfusate. (a) Vasoconstrictor effects of ATP
(IW), 2-methylthio ATP (2me.S.ATP, @)and a,f-methylene ATP (oS-
meATP, A). (b) Vasodilator effects of ATP ([J) and 2me.S.ATP (O).
af-me ATP elicits only further contraction in the raised-tone prep-
aration.

fusion with 10~3M NA (Figures 2b and 3). 2me.S.ATP was 10
times more potent in eliciting vasodilatation than ATP (pD,

values 9.36 + 028 and 8.31 + 0.08 respectively, n = 6).
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Figure 3 Responses of the rabbit hepatic arterial bed to doses (0.1 ml
injections) of adenosine 5'-triphosphate (ATP) and its analogues after
the tone of the preparation had been raised with noradrenaline
(10~ 3M). Vasodilator responses to (a) ATP, (b) 2-methylthio ATP
(2me-S.ATP); vasoconstrictor responses to (c) a,f-methylene ATP (a,
p-meATP).

Maximum dilator responses were not significantly different.
o,f-meATP produced only further contraction (Figure 3c).

The effect of adenosine, acetylcholine and sodium
nitroprusside on the raised tone hepatic arterial bed

Adenosine (Figure 4), ACh (Figure S) and SNP (results not
illustrated) elicited dose-dependent relaxations in the raised-
tone preparation. pD, values for adenosine and ACh were
7.19 + 0.17 and 9.40 + 0.21 respectively (n = 6). A pD, value
for SNP could not be determined as maximum relaxation was
not attained. Comparison of the pD, values showed that ATP
was about 13 times more potent than adenosine in eliciting
vasodilatation.
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Figure 4 Dose-response curves showing vasodilator responses of the
rabbit hepatic arterial bed to adenosine (@), and the lack of effect on
these responses by methylene blue (meB, 10~*Mm) (). Responses to
adenosine were antagonized by 8-phenyltheophylline (8-PT) in the
same preparation (meB, 8-PT; Wl). Statistical significance is denoted
by: ** P < 0.01; *** P < 0.001.
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Figure § Dose-response curves showing vasodilator responses of the
rabbit hepatic arterial bed to acetylcholine (ll), and the antagonism
of these responses by methylene blue ([J). Statistical significance is
denoted by * P < 0.05; ** P < 0.01.
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Figure 6 Dose-response curves showing vasodilator responses of the
rabbit hepatic arterial bed to adenosine 5'-triphosphate (ATP) (@),
and the antagonistic effect of methylene blue ((J). These responses
were not further antagonized by the addition of 8-phenyltheophylline
(107 %m) to the perfusate (W). Statistical significance is denoted by
*P < 0.05.

The effect of methylene blue

There was no significant change in tone of the preparation
following the addition of methylene blue to the perfusate (final
concentration; 10~°M). Methylene blue greatly antagonized
responses to ACh (Figure 5), resulting in a shift to the right of
the dose-response curve. Responses to ATP were also greatly
reduced; the dose-response curve was shifted to the right and
there was a decrease in the maximum response, indicative of
non-competitive inhibition (pD, value 8.02 + 0.18, n = 6)
(Figure 6). There was no significant effect of methylene blue on
responses to adenosine (Figure 4) or to SNP.

The effect of 8-phenyltheophylline

There was no significant change in the tone of the preparation
in the presence of 10~ °m 8-PT. 8-PT greatly reduced vasodil-
ator responses to adenosine (Figure 4). This was significant at
all concentrations of adenosine tested (P < 0.01). It had no
effect on responses to ATP remaining in the presence of
methylene blue (Figure 6). Responses to SNP were also unaf-
fected.

Discussion

The results presented in this study demonstrate the presence
of two discrete P,-purinoceptor subtypes in the HA bed of the
rabbit. From the rank order of potency of ATP and its ana-
logues, vasoconstrictor responses were shown to be mediated
by the P,y-purinoceptor, while vasodilatation was elicited via
the P,y-purinoceptor. The mechanism of action of the
P,,-mediated response was investigated by use of methylene
blue, and found to be more consistent with a receptor located
on endothelial cells than on the vascular smooth muscle. A
direct action of ATP at P,y-purinoceptors was distinguished
from the possibility of an indirect effect at P, receptors
(following ectoenzymatic breakdown to adenosine) by the use
of 8-PT.

Although portal venous blood flow accounts for about two-
thirds of total liver flow it is almost exclusively within the HA
vasculature that intrahepatic regulation of blood flow takes

place (see Richardson, 1982; Lautt & Greenway, 1987). The
ability of the HA bed to regulate liver blood flow is uniquely
demonstrated by the ‘buffer response’ (Lautt, 1981), the ability
of the HA bed to produce compensatory changes in resistance
in response to changes in PV flow or pressure (Richardson,
1982; Mathie & Blumgart, 1983; Lautt et al., 1985; Lautt &
Greenway, 1986). There is much evidence to support the
involvement of adenosine as an important mediator of the
buffer response following local build up to vasoactive concen-
trations (Lautt & Legare, 1985; Lautt, 1988; Mathie & Alex-
ander, 1990) and the recent demonstration of vasodilator A,
receptors in the hepatic vasculature (Mathie et al, 1991a)
would also tend to support this. However, it increasingly
appears that adenosine is not the sole mediator of HA dila-
tation (Mathie & Alexander, 1990). It has been implied that
ATP, which also has potent effects on the cardiovascular
system (see Burnstock & Kennedy, 1986), may have a role in
the control of HA resistance (Mathie & Alexander, 1990).

In the present study, in the HA vascular bed at basal tone,
ATP and its analogues elicited dose-dependent vasoconstric-
tor responses. The rank order of potency of these agents was
o,f-meATP > 2me.S.ATP > ATP which is in accordance with
their action at the P,x-purinoceptor, according to the original
classification by Burnstock & Kennedy (1985). In the raised
tone preparation the potency order was 2me.S.ATP > ATP,
which is consistent with their action at the P,y-purinoceptor;
o,f-meATP produced only further contraction. In many
vessels o,f-meATP has been used as a selective desensitizing
agent to characterize the P,y-purinoceptor further; however,
this proved impractical in our preparation since the relatively
high flow rates would have required large amounts of this
drug to be used. Even so, there was a tendency for autodesen-
sitization to occur following repeated application of a,f-
meATP.

A number of substances, including ACh and ATP elicit
vascular relaxation following activation of specific receptors
on the endothelial cell surface with subsequent formation of
EDREF (Furchgott & Zawadski, 1980; Peach et al., 1985), now
believed to be nitric oxide (Palmer et al., 1987). EDRF (and
other nitrovasodilators) elicit relaxation by stimulating gua-
nylate cyclase in vascular smooth muscle cells. Hence, a final
step in the chain of events leading to relaxation following acti-
vation of endothelial P,,-purinoceptors is the formation of
guanosine 3':5'-cyclic monophosphate (cyclic GMP). This is
in contrast to the relaxant effects of adenosine which, in
general, acts on A, receptors on the smooth muscle to stimu-
late production of adenosine 3':5-cyclic monophosphate
(Burnstock, 1978; Burnstock & Kennedy, 1986). Endothelial
prostacyclin production may contribute to ATP-induced
vasodilatation in some vascular beds (Gordon, 1986); hence in
the absence of cyclo-oxygenase inhibitors this cannot be dis-
counted as contributing to the mechanism of ATP-induced
vasodilatation in our preparation.

Methylene blue produced a significant antagonism of relax-
ant responses to the endothelium-dependent vasodilator ACh,
and to ATP, but did not affect those to adenosine. While
methylene blue is frequently regarded as exerting its effects
chiefly through a mechanism involving antagonism of gua-
nylate cyclase (Martin et al., 1985), responses to the
endothelium-independent nitrovasodilator, SNP were not
antagonized by methylene blue. A similar lack of inhibition of
SNP (Watanabe et al., 1988) and of the nitrovasodilator glyc-
eryl trinitrate (Martin et al., 1985), but no lack of inhibition of
ACh or EDRF (Wolin et al., 1990), by methylene blue has
been observed, and the possibility that EDRF is directly
affected by methylene blue has been discussed (Martin et al.,
1985; Watanabe et al., 1988; Wolin et al., 1990). In all of these
cases methylene blue appears to antagonize EDRF-mediated
responses in preference to those mediated by agents acting
directly on the vascular smooth muscle. The results of the
present study are consistent with a vasodilator action of ATP
at least partly mediated by EDRF (suggestive of endothelial
P,y-purinoceptors), while that of adenosine is independent of
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both endothelium and cyclic GMP. Results obtained by us
using the L-arginine to nitric oxide pathway inhibitors, N-
monomethyl-L-arginine (Rees et al., 1989) and N-nitro-L-
arginine methyl ester (Moore et al., 1990), which are the
subject of a separate paper (Mathie et al., 1991b), would tend
to support this. However, since methylene blue does not com-
pletely abolish P,y-mediated vasodilatation, we cannot
exclude the possibility that in some part of the HA bed, P,y
receptors are located on the vascular smooth muscle; this
has been shown to be the case in the rabbit isolated hepatic
artery (Brizzolara & Burnstock, 1991). In addition,
P,y-purinoceptors have been identified on rabbit and guinea-
pig hepatocytes (Keppens et al., 1990).

Vasodilator responses to ATP remaining in the presence of
methylene blue were not further antagonized by the adenosine
antagonist 8-PT while responses to adenosine were greatly
reduced, thus eliminating the possibility that adenosine was
partially responsible for the effects of ATP. The integrity of
the preparation over the course of the experiment was not
impaired, as indicated by maintained responses to SNP. Since
ATP can produce vasoconstriction and vasodilatation at P, -
and P, -purinoceptors respectively, its net effect will be the
resultant of these responses. Pharmacological manipulation of
tone is used to favour predominantly vasoconstrictor (low
tone) or vasodilator (high tone) responses. Since this reduces
to a minimum the antagonistic effect of the opposing
responses it is unlikely that these will significantly affect agon-
ist potency order.

The present study which identifies P, purinoceptor sub-
types in the HA vasculature, and the fact that ATP was shown
to be about 13 times more potent than adenosine in eliciting

References

ALEXANDER, B, MATHIE, R.T, RALEVIC, V. & BURNSTOCK, G.
(1990). An isolated, dual-perfused rabbit liver model for the study
of hepatic blood flow regulation. J. Pharmacol. Meth.

BRIZZOLARA, A. & BURNSTOCK, G. (1990). Evidence for
noradrenergic-purinergic ¢otransmission in the hepatic artery of
the rabbit. Br. J. Pharmacol., 99, 835-839.

BRIZZOLARA, A. & BURNSTOCK, G. (1991). Endothelium-dependent
and endothelium-independent vasodilatation of the hepatic artery
of the rabbit. Br. J. Pharmacol., (in press).

BURNSTOCK, G. (1978). A basis for distinguishing two types of purin-
ergic receptor. In Cell Membrane Receptors for Drugs and Hor-
mones: A Multidisciplinary Approach. ed. Straub, R W. & Bollis, L.
pp. 107-118. New York: Raven Press.

BURNSTOCK, G. (1987). Local control of blood pressure by purines.
Blood Vessels, 24, 156-160.

BURNSTOCK, G. & KENNEDY, C. (1985). Is there a basis for dis-
tinguishing two types of P,-purinoceptor? Gen. Pharmacol., 16,
433-440.

BURNSTOCK, G. & KENNEDY, C. (1986). Purinergic receptors in the
cardiovascular system. Prog. Pharmacol., 6, 111-132.

FLECKNELL, P.A. (1987). Laboratory Animal Anaesthesia: an Intro-
duction for Research Workers and Technicians. London: Academic
Press.

FURCHGOTT, RF. & ZAWADZK]I, J.V. (1980). The obligatory role of
endothelial cells in the relaxation of arterial smooth muscle by
acetylcholine. Nature, 288, 373-376.

GORDON, J.L. (1986). Extracellular ATP: effects, sources and fate.
Biochem. J., 233, 309-319.

HOUSTON, D.S.,, BURNSTOCK, G. & VANHOUTTE, P.M. (1987). Differ-
ent P,-purinergic receptor subtypes on endothelium and smooth
muscle in canine blood vessels. J. Pharmacol. Exp. Ther., 241, 501-
506.

KENNEDY, C. & BURNSTOCK, G. (1985). Evidence for two types of
P,-purinoceptor in longitudinal muscle of the rabbit portal vein.
Eur. J. Pharmacol., 111, 49-56.

KENNEDY, C, DELBRO, D. & BURNSTOCK, G. (1985).
P,-purinoceptors mediate both vasodilation (via the endothelium)
and vasoconstriction of the isolated rat femoral artery. Eur. J.
Pharmacol., 107, 161-168.

KEPPENS, S., VANDEKERCKHOVE, A. & DE WULF, H. (1990). Charac-
terization of the purinoceptors present in rabbit and guinea pig
liver. Eur. J. Pharmacol., 182, 149-153.

vasodilatation, supports earlier suggestions of a role for ATP
in the regulation of HA vascular tone (Brizzolara & Bur-
nstock, 1990; Mathie & Alexander, 1990). Its role is essentially
twofold since, in addition to causing vasoconstriction via
smooth muscle P,x-purinoceptors following release as a
cotransmitter from sympathetic nerves (Brizzolara & Bur-
nstock, 1990), it can elicit relaxation via endothelial/smooth
muscle P,y-purinoceptors, predominantly following local
release. There is evidence that the source of the locally rel-
eased ATP may be platelets, or the endothelial cells them-
selves (Pearson & Gordon, 1985; Burnstock, 1987). It is
possible that the HA buffer response employs the same
mechanism as that advanced for hypoxic relaxation where it
has been proposed that the relaxation is the resultant of a
relaxation initiated by ATP and maintained by adenosine
(Burnstock, 1987; Mathie & Alexander, 1990).

In conclusion, this study has shown the presence of the
ATP receptor subtypes P,y and P,y in the rabbit HA bed,
which mediate vasoconstriction and vasodilatation respec-
tively. The relaxant effects of ATP were mediated solely
through the P,y-purinoceptor and not following breakdown
to adenosine. It is likely that in the rabbit HA bed, ATP pro-
duces relaxation largely via activation of an endothelial
P,y-purinoceptor with subsequent production of EDREF.
Characterization of subtypes of the ATP receptor in the liver,
and the demonstration that their activation produces potent
effects on the vasculature, has important implications for the
role of ATP in the regulation of hepatic blood flow.

The support of The British Heart Foundation is gratefully acknowl-
edged.

LAUTT, W.W. (1981). Role and control of the hepatic artery. In
Hepatic Circulation in Health and Disease, ed. Lautt, W.W. pp.
203-220. New York: Raven Press.

LAUTT, W.W. (1985). Mechanism and role of intrinsic regulation of
hepatic arterial blood flow: hepatic arterial buffer response. Am. J.
Physiol., 249, G549-G556.

LAUTT, W.W. (1988). Adenosine mediated regulation of hepatic vascu-
lature. In Adenosine and Adenine Nucleotides: Physiology and
Pharmacology. ed. Paton, D.M. pp. 185-192. London: Taylor &
Francis.

LAUTT, W.W. & GREENWAY, C.V. (1987). Conceptual review of the
hepatic vascular bed. Hepatology, 7, 952-963.

LAUTT, W.W. & LEGARE, D.J. (1985). The use of 8-phenyltheophylline
as a competitive antagonist of adenosine and an inhibitor of the
intrinsic regulatory mechanism of the hepatic artery. Can. J.
Physiol. Pharmacol., 63, 717-722.

LAUTT, W.W,, LEGARE, D.J. & D’ALMEIDA, M.S. (1985). Adenosine as a
putative regulator of hepatic arterial flow (the buffer response).
Am. J. Physiol., 248, H331-H338.

LEE, J.-W. & FILKINS, J.P. (1988). Exogenous ATP and hepatic hemo-
dynamics in the perfused rat liver. Circ. Shock., 24, 99-110.

MARTIN, W, VILLANI, G.M., JOTHIANANDAN, D. & FURCHGOTT,
R.F. (1985). Selective blockade of endothelium-dependent and glyc-
erol trinitrate-induced relaxation by hemoglobin and methylene
blue in the rabbit aorta. J. Pharmacol. Exp. Ther., 232, 708-716.

MATHIE, R.T. & ALEXANDER, B. (1990). The role of adenosine in the
hyperaemic response of the hepatic artery to portal vein occlusion
(the ‘buffer response’). Br. J. Pharmacol., 100, 626-630.

MATHIE, R.T. & BLUMGART, L.H. (1983). The hepatic haemodynamic
response to acute portal venous blood flow reductions in the dog.
Pfligers Arch., 399, 223-227.

MATHIE, R.T., ALEXANDER, B, RALEVIC, V. & BURNSTOCK, G.
(1991a). Adenosine-induced dilatation of the hepatic arterial
vascular bed is mediated by A,-purinoceptors. Br. J. Pharmacol.,
(in press).

MATHIE, R.T., RALEVIC, V., ALEXANDER, B. & BURNSTOCK, G.
(1991b). Nitric oxide is the mediator of ATP-induced dilatation of
the rabbit hepatic arterial vascular bed. Br. J. Pharmacol., (in
press).

MATHIESON, J.J.I. & BURNSTOCK, G. (1985). Purine-mediated relax-
ation and constriction of isolated rabbit nesenteric artery are not
endothelium dependent. Eur. J. Pharmacol., 118, 221-229.



P,-PURINOCEPTOR SUBTYPES IN HEPATIC ARTERIAL VASCULATURE 1113

MOORE, PK. AL-SWAYEH, O.A, CHONG, N.WS, EVANS, RA. &
GIBSON, A. (1990). L-NC-nitro arginine (L-NOARG), a novel, L-
arginine-reversible inhibitor of endothelium-dependent vasodilata-
tion in vitro. Br. J. Pharmacol., 99, 408—412.

PALMER, R.M.J,, FERRIGE, A.G. & MONCADA, S. (1987). Nitric oxide
release accounts for the biological activity of endothelium-derived
relaxing factor. Nature, 327, 524-526.

PEACH, M.J,, LOEB, AL, SINGER, H.A. & SAYE, J. (1985). Endothelium-
derived vascular relaxing factor. Hypertension, Suppl. I, 7, 194
1100.

PEARSON, J.D. & GORDON, J.L. (1985). Nucleotide metabolism by
endothelium. Ann. Rev. Physiol., 47, 617-627.

RALEVIC, V. & BURNSTOCK, G. (1988). Actions mediated by
P,-purinoceptor subtypes in the isolated perfused mesenteric bed
of the rat. Br. J. Pharmacol., 95, 637-645.

REES, D.D., PALMER, R.M.J., HODSON, H.F. & MONCADA, S. (1989). A
specific inhibitor of nitric oxide formation from L-arginine attenu-
ates endothelium-dependent relaxation. Br. J. Pharmacol., 96, 418—
424,

RICHARDSON, P.D.I. (1982). Physiological regulation of the hepatic
circulation. Fed. Proc., 41, 2111-2116.

WATANABE, M,, ROSENBLUM, W.I. & NELSON, G.H. (1988). In vivo
effect of methylene blue on endothelium-dependent and
endothelium-independent dilations of brain microvessels in mice.
Circ. Res., 62, 86-90.

WOLIN, M.S., CHERRY, P.D., RODENBURG, J.M.,, MESSINA, EJ. &
KALEY, G. (1990). Methylene blue inhibits vasodilation of skeletal
muscle arterioles to acetylcholine and nitric oxide via the extra-
cellular generation of superoxide anion. J. Pharmacol. Exp. Ther.,
254, 872-876.

(Received June 18, 1990
Revised January 2, 1991
Accepted January 4, 1991)



Br. J. Pharmacol. (1991), 103, 1114-1118

© Macmillan Press Ltd, 1991

Termination of digitalis-induced ventricular tachycardias by
clonidine involves central a,-adrenoceptors in cats

*+Shih-Ann Chen, **Ren-Hon Liu, *Tso-Hui Ting, *$Mau-Song Chang, *{B. N. Chiang &

1**ttJon-Son Kuo

*Division of Cardiology, **Department of Medical Research, Taipei Veterans General Hospital, Taipei; tNational Yang-Ming
Medical College, Taipei and t1Department of Medical Research, Taichung Veterans General Hospital, Taichung, Taiwan

1 Effects of intravenous (i.v.) and intravertebral arterial (i.a.) administration of the a,-adrenoceptor
agonist, clonidine (Clon) and its antagonist, yohimbine (Yoh, 0.5mgkg~?, i.v.; 0.05mgkg™~?, i.a.), on ven-
tricular tachycardia (VT) induced by intravenous acetylstrophanthidin (AS) were studied in cats anaes-
thetized with intraperitoneal chloralose.

2 AS dose-dependently produced cardiac arrhythmias including complete atrioventricular conduction
block (118 + 14 ugkg™!, i.v.), junctional tachycardia (128 + 20 ugkg~?, i.v.), multiform ventricular prema-
ture beats (157 + 21 ugkg™!, i.v.) and sustained VT (220 + 23 ugkg™!,i.v.).

3 Doses of Clon (i.v.) required for termination of VT following i.v. Yoh (62.9 + 5.2 ugkg™?!) or i.a. Yoh
(88.5 + 16.3ugkg™") were higher than those for termination of VT without Yoh administration
(28.3 + 6.2 ugkg™'). Doses of Clon (i.a.) required for termination of VT without or with i.a. Yoh adminis-
tration were 5.8 + 1.0 or 14.8 + 3.7 ugkg ™!, respectively, and they were significantly different.

4 These experiments demonstrate that either i.v. or i.a. Yoh antagonizes the antiarrhythmic effect of
Clon on AS-induced VT. Since small doses of Clon administered i.a. act predominantly on the central
nervous system, we suggest that its antiarrhythmic effect is likely to be on central a,-adrenoceptors in the

central nervous system.

Keywords: Arrhythmias; a,-adrenoceptor agonist; a,-adrenoceptor antagonist; digitalis

Introduction

The central nervous system is considered to be involved in the
arrhythmogenic effects of digitalis. Pretreatment of animals
with reserpine, B-adrenoceptor blocking agents,
o,-adrenoceptor antagonists, a,-adrenoceptor agonists, anti-
cholinoceptor agents, ganglionic blocking agents and dopa-
mine receptor agonists have been shown to increase the dose
of digitalis required to produce cardiac arrhythmias (Lather et
al., 1978; Helke et al., 1979).

Clonidine, an «,-adrenoceptor agonist, has been demon-
strated to suppress the cardiac arrhythmias induced by digi-
talis in cats (Gillis & Quest, 1972). The reduction of this
suppression after spinal transection suggests that clonidine
may produce an antiarrhythmic effect through a central
action. Whether the a,-receptor in the central nervous system
is specifically involved was the subject of the present experi-
ment.

Methods

Experimental preparation

Cats of either sex weighing 1.7-3.8 kg were anaesthetized with
chloralose (40 mgkg ~!) and urethane (400 mgkg™?), intraperi-
toneally. All cats were cannulated with endotracheal tubes
and artificially ventilated with room air. The end expiratory
CO, concentration was maintained at 3.54.5%. The femoral
artery and vein were catheterized for blood pressure monitor-
ing and drug administration, respectively. In some experi-
ments, polyethylene tubes (Intramedic) were inserted into the
vertebral artery for intravertebral arterial injection of drugs

! Author for correspondence at: Department of Medical Research,
Taichung Veterans General Hospital, Taichung, Taiwan.

(Hou et al., 1988). The blood pressure was monitored with a
Gould P 231 D transducer connected with an amplifier. The
lead II electrocardiogram (ECG) was monitored by a Gould
universal preamplifier and displayed continuously on a Tek-
tronix 922 oscilloscope. Blood pressure and ECG were record-
ed continuously with a Gould ES-1000 recorder.

Induction of ventricular tachycardia

Acetylstrophanthidin (AS, Sigma Chemical Co.) was dis-
solved in distilled water to give a concentration of 2.5 ugml ™!
and administered as a bolus intravenous injection (i.v.) at a
dose of 20ugkg~!, followed by subsequent infusion of
2.5ugkg 'min~! until a sustained ventricular tachycardia
(VT) had persisted for 5min. Thereafter, the VT was main-
tained for at least 25min. Sustained VT was considered
present if a wide QRS tachycardia with atrioventricular disso-
ciation persisted for more than 1 min.

Drug intervention

When the VT had persisted for 10 min after discontinuation of
AS infusion, clonidine hydrochloride (Clon, Yung Shin
Pharm, Taiwan) was administered as a bolus i.v. or i.a. injec-
tion at a dose of 16 ugkg ™! or 1.6 ugkg™?, respectively. Addi-
tional doses of Clon (16 ugkg™? for i.v.; 1.6 ugkg™"! for i.a.
were administered if the VT could not be converted to sinus
rhythm or a junctional rhythm within 1min after adminis-
tration of Clon. Preliminary tests in five cats showed that VT
was converted to sinus thythm by 8 ugkg~! in one animal but
was not affected by a dose of 4 ugkg™!.

Usually, the effectiveness of Clon was demonstrated within
1min after Clon administration. Yohimbine hydrochloride
(Yoh, Sigma Chemical Co.) was administered as a bolus i.v.
(0.5mgkg™!) or an i.a. (0.05mgkg ") injection at Smin after
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5 min

Figure 1 Protocol for experimental procedures. (A) Intravenous
bolus injection of acetylstrophanthidin (AS) followed by subsequent
i.v. infusion of AS. (B) VT occurrence. (C) Intravenous AS infusion
discontinued if VT had persisted for S5min. (D) Yohimbine (Yoh)
administered i.v. or i.a. at S5min after discontinuation of i.v. AS infu-
sion. (E) Clonidine (Clon) administered i.v. or i.a. at 10 min after dis-
continuation of iv. AS infusion. (F) Additional Clon injection(s)
was(were) administered if no effect noted.

discontinuation of the AS infusion. This allowed Yoh to inter-
act with the antiarrhythmic effect of Clon which was given at
10 min after the AS discontinuation.

Experimental protocol

To assess the effects of the a,-adrenoceptor agonist and
antagonist on AS-induced VT, six experimental groups were
used. The experimental protocol is shown in Figure 1.

Group (I). Five cats (controls). VT was induced with i.v. AS
as described previously. The duration of VT was observed.

Group (II). Ten cats. The induced VT was treated with i.v.
Clon.

Group (III). Four cats. The induced VT was treated with i.a.
Clon.

Group (IV). Six cats. Yoh i.v. was given at S5min after dis-
continuing AS infusion, and was followed by i.v. Clon Smin
later.

Group (V). Five cats. Yoh i.a. was given at 5min after dis-
continuing AS infusion and was followed by i.v. Clon 5min
later.

Group (VI). Five cats. VT was induced with i.v. AS. Yoh i.a.
was given at Smin after discontinuing AS infusion and was
followed by i.a. Clon 5 min later.

Data analysis

All values are expressed as means +s.e. Differences among
multiple groups of data were examined with analysis of
variance (ANOVA). Student’s ¢ test corrected for multiple
comparisons was used to analyze differences in means when
appropriate. A probability of less than 0.05 between two
experimental groups was considered as statistically significant.

Results

Effects of acetylstrophanthidin on blood pressure and
cardiac rhythm

Five cats were used in Group I. Figure 2 shows typical trac-
ings from a cat in this group. The basal mean blood pressure
(MBP) of the cat was 137 + 6 mmHg. A gradual increase in
the dose of i.v. AS produced a progressive elevation in MBP.
The maximal elevation of MBP (170 + 7mmHg, P < 0.001)
was seen just before the occurrence of atrioventricular block
(AV block). Further addition of AS produced no change or a
slight decline in MBP until the onset of VT (Figure 2).

After AS was administered, the heart rate decreased slightly
at the very beginning. Additional doses of AS produced AV
block which was soon followed by a junctional tachycardia.
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Figure 2 Typical recordings from a cat in Group I showing the
effects of intravenous (i.v.) acetylstrophanthidin (AS) on the electrocar-
diogram (ECG) and blood pressure (BP). (a) Control (Con) sinus
rhythm with cycle length (CL) 340 ms, PR interval at 70ms, systolic
blood pressure (SBP) 150mmHg and diastolic blood pressure (DBP)
90mmHg. (b) First degree atrioventricular (AV) block (PR interval
140ms) with elevated SBP (180 mmHg) and DBP (130 mmHg) when
AS dose increased (accumulated) to 75ugkg™'. () Complete AV
block occurred when AS dose increased to 100ugkg™'. Note the
reduction in BP and pulse pressure (SBP 160mmHg, DBP
120 mmHg). (d) Junctional tachycardia (CL 350 ms) occurred when AS
dose increased to 150ugkg™!. SBP (150mmHg) and DBP
(120mmHg) appeared similar to (c). (¢) Ventricular tachycardia (VT)
with a CL of 410ms occurred when AS dose reached 200 ugkg™!.
Note both SBP and DBP markedly decreased to 95 and 65mmHg,
respectively.

The dose required to produce AV block and junctional tachy-
cardia was 118 + 14mgkg™' and 128 + 20mgkg~!, respec-
tively. Further administration of AS produced multiform
ventricular premature contractions (VPCs, 157 + 21 ugkg™!),
and this was finally followed by VT (220 + 23 ugkg™?'). The
duration of sustained VT after discontinuing AS was from 25
to 48 min (37 + 4 min, n = 5).

Effects of i.v. clonidine on acetylstrophanthidin-induced
ventricular tachycardia

Ten cats were used in this experiment (Group II). As shown in
Figure 3a, first degree AV block and ST sagging appeared
when the cumulative AS dose was about 100 ugkg™!. When
AS doses were increased to 175ugkg~! (Figure 3b) and
225 ugkg™~! (Figure 3c), frequent VPCs with AV Wenckebach
block and sustained VT appeared. Figure 3d shows the effect
of i.v. bolus Clon 16 ugkg™' on the sustained VT. The cycle
length of VT increased immediately and sinus rhythm was re-
stored within 1 min after Clon. As shown in Figure 3e, regular
sinus rhythm with first degree AV block (PR interval 90 ms)
and lowered SBP, DBP (100 vs. 60mmHg) were observed
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Figure 3 Recordings show the effect of intravenous clonidine (Clon)
on acetylstrophanthidin (AS)-induced ventricular tachycardia (VT) in

a cat in Group II. Sustained VT appeared when AS dose increased to -

225ugkg™! (c), cycle length of VT increased immediately and sinus
rhythm restored within 1 min after Clon (d).

15min after Clon. In this group, the average dose of i.v. Clon
for termination of AS-induced VT was 28.3 + 6.2 ugkg™!
(range 16 to 48 ugkg™?). In these 10 experiments, restoration
of sinus thythm was seen in 7, and junctional rhythm in the
other 3 cats, immediately after VT was terminated. In those
with junctional rhythm, sinus rhythm was able to be restored
within 15min. The antiarrhythmic effect of Clon on AS-
induced VT was observed for 15 min. There was no recurrence
of VT.

Effects of i.a. clonidine on acetylstrophanthidin-induced
ventricular tachycardia

Four cats were used in this experiment. As shown in Figure
4a, a sustained VT was achieved when the AS dose was up to
250 ugkg ™. Injection of Clon 1.6 ugkg™?, i.v., terminated the
VT. Fifteen seconds after Clon, the sustained VT was termin-
ated and was replaced by sinus rhythm with AV block (Figure
4b). In this experiment, sinus rhythm with 1:1 AV conduction
was restored 10min later and VT did not recur thereafter
within a 15-min observation period. In this group, the average
dose of ia. Clon for terminating the AS-induced VT was
5.8 + 1.0 ugkg™!. This dose was much less than that in Group
I1(58 + 1.0vs. 28.3 + 6.2ugkg™!, P < 0.01).

Role of the a,-adrenoceptor on the antiarrhythmic effect
of clonidine

To assess the role of specific central a,-receptors in the anti-
arrhythmic effect of Clon, Yoh was administered via i.v. or i.a.
injection to interact with the antiarrhythmic effect of Clon. As
shown in Figure 5a, a sustained VT was established when the
AS dose was increased up to 200 ugkg™'. In the presence of
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Figure 4 Recordings show the effect of intravertebral arterial (i.a.)
clonidine (Clon) 1.6ugkg™! on acetylstrophanthidin (AS)-induced
ventricular tachycardia (VT) in a cat in Group III. Sustained VT ter-
minated and replaced by sinus rhythm with AV block (b).
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Figure § Recordings show the effect of i.v. Clonidine (Clon) on ven-
tricular tachycardia (VT) induced with acetylstrophanthidin (AS)
200ugkg™"' iv. Yohimbine (Yoh 0.5mgkg~!, i.v) administered at
Smin after discontinuation of AS in a cat from Group IV (a). Sus-
tained VT converted to sinus rhythm when Clon dose increased to
64 ugkg™" (c).

Yoh (0.5mgkg~", i.v.), bolus iv. Clon 16mgkg™! could not
terminate VT, but resulted in occasional junctional beats
(Figure 5b). The sustained VT was converted to sinus rhythm
when the dose of Clon was increased to 64 ugkg~! (Figure
5(c)). Ventricular arrhythmias never occurred thereafter within
the 15min observation period. In this group, after i.a. Yoh,
two cats with VT degenerated rapidly into ventricular
fibrillation leading to cardiac arrest within 5min, and the
other four cats had acceleration of VT. The average dose of
Clon required to terminate the sustained VT was
629 + 52ugkg™! and was higher than that in Group II
(62.9 + 5.2 vs. 28.3 + 6.2 ugkg™!, P < 0.01).

In experimental Groups V and VI, Yoh (0.05mgkg~!, i.a)
was administered at S min after discontinuing AS infusion and
Clon was given via i.v. (Group V) or i.a. (Group VI) injection
to terminate VT. Acceleration of VT with rapid degeneration
into ventricular fibrillation leading to cardiac arrest within
Smin after i.a. Yoh were seen in two of ten cats (one each in
group V or VI). The other eight cats had acceleration of VT
after i.a. Yoh. Figure 6 shows typical tracings from a cat in
Group VI. The average dose of Clon for termination of VT in
Group VI was significantly lower than that in Group V
(14.8 + 3.7 vs. 88.5+163ugkg™!, P <0.01). The average
dose of Clon for termination of VT in Group V was signifi-
cantly higher than that in Group II (P < 0.01). The average
Clon dose for termination of VT in Group VI was signifi-
cantly higher than that in Group III (P < 0.01).

Effects of clonidine on blood pressure

Immediately after VT was converted by administration of
Clon to sinus rhythm or junctional rhythm, the blood pres-
sure rose slightly but then declined gradually during the
observation period. In Groups II and III, Clon administration
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Figure 6 Recordings show the effect of i.a. clonidine (Clon) on ven-
tricular tachycardia (VT) induced with acetylstrophanthidin (AS)
225 ugkg™?, i.v. Yohimbine (Yoh 0.05mgkg™"!, i.a.) administered at
Smin after discontinuation of AS in a cat from Group VI. Left upper
panel recorded at slow speed. The letters a—e above the slow-speed
recordings represent the times at which the corresponding fast-speed
electrocardiogram and blood pressure in panels a—e were recorded. (a)
VT with average tachycardia cycle length 350 ms induced with i.v. AS
225 ugkg™! and i.a. Yoh 0.05mgkg ™! administered at 5min after dis-
continuation of AS. The first dose of i.a. Clon 1.6ugkg™' adminis-
tered at arrow, did not terminate VT. (b) Average VT cycle length
increased to 470 ms after Clon dose increased to 6.4 ugkg™! ia. (c)
Short-run ventricular tachycardia with junctional beats seen after
Clon dose increased to 8.0ugkg™' i.a. (d) Occasional ventricular
premature beats with junctional beats observed after the Clon dose
increased to 11.2ugkg™! i.a. (¢) Recordings show sinus rhythm with
secondary degree atrioventricular conduction block at 8 min after the
first dose of Clon i.a.

resulted in significant decreases (50 + 6 and 46 + 4mmHg,
respectively) of MBP from the control values (P < 0.01). In
Groups IV, V, and VI, although Yoh increased the anti-
arrhythmic dose of Clon, it did not affect blood pressure or
prevent the Clon induced hypotension (MBP decrease
56 + 10, 52 + 6, and 48 + 7 mmHg, respectively).

Discussion
Major findings

These experiments showed that Clon (i.a.) in a dose as small
as one fifth to one sixth of an i.v. Clon dose could effectively
terminate AS-induced VT. This antiarrhythmic effect was sub-
stantially antagonized by Yoh, an a,-antagonist. These find-
ings confirm the notion of Gillis & Quest (1972), that Clon
produces antiarrhythmic effects through a central action. Our
results further indicate that this effect involves specifically
a,-receptors in the central nervous system.

Electrophysiological effects of digitalis on the heart

Digitalis not only modifies the transmembrane action poten-
tial, but induces alterations in the slope of phase 4 depolar-
ization of cells of the specialized conducting system. Digitalis
intoxication causes increased intracellular sodium and calcium
levels. Calcium overload mediating oscillatory release of
calcium from the intracellular store is the primary event
underlying the afterpotential which generates transient inward
currents. Canine Purkinje fibres perfused with AS exhibited
transient inward current (TI) which contributed to its arrhyth-
mogenic activity (Kass & Lederer, 1978; Kass & Tsien, 1978).

Role of sympathetic neural activity in digitalis-induced
ventricular arrhythmia

The relationship between the sympathetic nervous system and
digitalis-induced ventricular arrhythmia is well established.
Digitalis intoxication causes non-uniform discharges in
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cardiac sympathetic nerves which might result in non-
uniformity of the electrical properties of myocardial cells (Kim
et al., 1984). Gillis & Quest (1972) found that a toxic dose of
digitalis induced an increase in the sympathetic nerve activity
in the preganglionic cardiac nerve, indicating a centrally medi-
ated effect. Exclusion of the sympathetic nervous system by
cardiac denervation or spinal cord transection significantly
increased the dose of digitalis needed to produce ventricular
arrhythmias (Raines et al., 1967). A toxic dose of deslanoside
increased the concentration of a noradrenaline metabolite,
and midcollicular decerebration increased the deslanoside
dose required to produce ventricular arrhythmias (Helke et al.,
1979). Similarly, the dose of ouabain needed to produce ven-
tricular arrhythmias in cats increased two weeks after sympa-
thectomy (Lather et al., 1978). Lechat & Schmitt (1982)
reported that the dose of digitalis glycoside required to
produce ventricular arrhythmias was reduced by Yoh, an
o,-adrenoceptor antagonist. Yoh enhanced sympathetic
outflow to the heart might contribute to the aggravation of
digitalis-induced VT. On the other hand, inhibition of the
release of neurotransmitters may be the contributory factor
for the antiarrhythmic activity of Clon on AS-induced VT.

Site of effect of clonidine on digitalis-induced ventricular
tachycardia

Several studies strongly indicate that the central nervous
system is the primary site of antiarrhythmic action of Clon.
Gillis & Quest (1972) provided several pieces of evidence to
indicate that the antiarrhythmic effect of Clon was through
the central adrenergic system. Firstly, Clon simultaneously
converted VT and depressed sympathetic nerve discharge. A
dose of Clon that did not depress nerve firing did not restore
normal sinus rhythm and vice versa. Only when sympathetic
nerve firing was depressed did Clon restore cardiac rhythm to
normal. Secondly, Clon lost its antiarrhythmic effect in cats
when their sympathetic nervous systems were interrupted by
section of the spinal cord. If the antiarrhythmic effect of Clon
was through a direct effect on myocardial cells, spinal section
should not alter its antiarrhythmic effect. Lechat & Schmitt
(1982) reported that a,-adrenoceptor stimulation with Clon
reduced the arrhythmogenic effects of ouabain, whereas no
protection was found with ST 91, a Clon-related compound
which does not cross the blood-brain barrier. All the above
findings indicate that the ventricular arrhythmias induced by
digitalis and its related compounds is due in part to stimu-
lation of the central nervous system leading to an increase in
sympathetic nervous activity and that the antiarrhythmic
effect of Clon might be mediated through central
a,-adrenoceptors. These notions were confirmed in the present
experiments. The dose of Clon via ia. administration
(5.8 + 1.0ugkg™') which could suppress the AS-induced VT
was only about one-fifth or one-sixth of the dose required by
the i.v. route (28.3 + 6.2 ugkg™!). This dose could also inhibit
VT (referred to experiments in Groups II and III). As a small
i.a. dose, if administered via the i.v. route, was not effective in
suppressing the VT, it is suggested that Clon is not acting
peripherally but rather has a primarily central action. Fur-
thermore, following interaction with Yoh (either 0.5mgkg™?,
i.v. in Group IV; or 0.05mgkg™1, i.a., in Groups V and VI),
the dose of Clon required (i.v. or i.a.) to suppress VT was
greatly increased. These findings indicate that the anti-
arrhythmic effect of Clon may specifically involve the
a,-adrenoceptor in the central nervous system.

However, Clon is not completely lacking in direct effects on
the heart. Rosen & Weiss (1984) found in an in vitro experi-
ment, that Clon 1 x 107¢ and 1 x 10™5M significantly
reduced V,,,, and prolonged the action potential duration of
driven canine Purkinje fibres. Since these actions were not
blocked by Yoh or by prazosin, a direct membrane effect not
involving the adrenoceptor was suggested. However, the
present study not only provides no evidence to indicate the
importance of direct effects on the heart but rather suggests
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that such direct cardiac effects may not be essential. Thus,
while a small dose of Clon administered i.v. did not suppress
the VT, the same dose given i.a. converted it to sinus rhythm.

Clinical implication

Digitalis has been commonly used for many years to treat
heart failure and cardiac arrhythmias, such as atrial
fibrillation with rapid ventricular response and paroxysmal
supraventricular tachycardia. However, ventricular arrhyth-
mias frequently result from digitalis intoxication caused by
high myocardial digitalis concentration or central digitalis
effects. Current therapy for these ventricular arrhythmias con-
sists primarily of digitalis withdrawal along with the use of
conventional antiarrhythmic agents, such as lignocaine and
phenytoin. The action of these drugs is thought to be a direct
suppression of the enhanced myocardial automaticity. In the
present study, the antiarrhythmic effect of Clon on AS-
induced VT was probably mediated through central
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Lack of effect of zaprinast on methacholine-induced contraction
and inositol 1,4,5-trisphosphate accumulation in bovine tracheal

smooth muscle
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1 The effects of zaprinast (M&B 22948), a selective guanosine 3': 5'-cyclic monophosphate (cyclic GMP)
phosphodiesterase inhibitor, and sodium nitroprusside on cyclic GMP content, phosphoinositide hydro-
lysis and airway smooth muscle tone were examined in flurbiprofen pretreated bovine tracheal smooth
muscle (BTSM).

2 Anion-exchange chromatography of the soluble fraction of BTSM homogenates resolved three peaks
of Ca?*/calmodulin-independent phosphodiesterase (PDE) activity that corresponded to type Ia (cyclic
GMP-specific, zaprinast-inhibitable), type II (cyclic GMP-stimulated) and type IV (Ro 20 1724-
inhibitable) PDE isoenzymes. Zaprinast caused a selective inhibition of the type Ia PDE isoenzyme (ICso
0.94 um) with respect to the type IT and IV (IC,, s 93 uM and 197 uM respectively) isoenzymes.

3 Pretreatment of BTSM strips with zaprinast (10 um) for 20 min affected neither the initial rate of force
development, nor the resultant magnitude of contraction induced by methacholine (10 uM). In addition,
zaprinast (10 uM; 20 min) did not affect the cumulative concentration-response relationship induced by
methacholine. In contrast, sodium nitroprusside (300 um) either alone, or in combination with zaprinast
(10 um), significantly attenuated tone induced by low, but not high concentrations of methacholine. This
resulted in a non-parallel, rightwards shift of the methacholine concentration-response curves
(nitroprusside: 4.0 fold; nitroprusside/zaprinast: 4.8 fold at the EC,, values), without a reduction in the
maximum tone generated.

4 In BTSM slices, zaprinast (10 or 100 uM) did not influence basal or methacholine (10 um)-stimulated
cyclic GMP accumulation or inositol 1,4,5-trisphosphate (Ins(1,4,5)P,) mass accumulation over a 60s
incubation period, although it did significantly increase cyclic GMP content over longer (30 min) stimu-
lation periods.

5 In [*H]-inositol prelabelled BTSM slices, stimulated in the presence of 5mm LiCl, methacholine
(10 uM) caused a marked increase in total [*H]-inositol phosphate accumulation. This effect was not
inhibited by zaprinast (10 um), sodium nitroprusside (300uM), or a combination of these drugs despite
these agents markedly increasing tissue cyclic GMP content.

6 These findings demonstrate that despite zaprinast being a potent and selective inhibitor of the type Ia
PDE isoenzyme in a cell-free system, this drug only increases cyclic GMP content in BTSM following
prolonged agonist-stimulation. This may explain its lack of inhibitory effect on methacholine-induced
tone. The inability of drugs which increase tissue cyclic GMP content and exhibit anti-spasmogenic activ-
ity to inhibit methacholine-stimulated Ins(1,4,5)P, formation suggests that, unlike vascular smooth
muscle, cyclic GMP-dependent mechanisms do not regulate receptor-mediated phosphoinositide hydro-
lysis in BTSM.

Keywords: Zaprinast (M&B 22948); inositol 1,4,5-trisphosphate (Ins(1,4,5)P;); cyclic GMP; bovine airway smooth muscle;
sodium nitroprusside; cyclic GMP-dependent phosphodiesterase

Introduction

Despite increasing knowledge regarding the major substrates
for guanosine 3':5-cyclic monophosphate (cyclic GMP)-
dependent protein kinase in eucaryotic cells (see Casnellie &
Greengard, 1974; Parks et al., 1987), the exact molecular
mechanism(s) underlying cyclic GMP-induced airway smooth
muscle (ASM) relaxation remains uncertain. In several vascu-
lar smooth muscle preparations cyclic GMP (Hirata et al.,
1990), glyceryl trinitrate (Ahlner et al., 1988), sodium nitro-
prusside and atriopeptin II (Rapoport, 1986) and a-human
atrial natriuretic peptide (Kajikura & Kuriyama, 1990) have
all been shown to attenuate agonist-stimulated phos-
phoinositide metabolism possibly by inhibiting activation of a
guanine nucleotide binding protein, G,, and uncoupling acti-
vated G, from phosphoinositidase C (Hirata et al, 1990).

! Author for correspondence.

Since agonist-stimulated hydrolysis of phosphatidylinositol
4,5-bisphosphate (PtdInsP,) by phosphoinositidase C to form
inositol 1,4,5-trisphosphate (Ins(1,4,5)P,) and 1,2-diacyglycerol
is thought to play a central role in excitation-contraction
coupling in smooth muscle (see Abdel-Latif, 1986; Hall &
Chilvers, 1989) the inhibition of phosphoinositide metabolism
by cyclic GMP has been proposed as an important mecha-
nism underlying its dilator action in vascular smooth muscle
(Rapoport, 1986; Hirata et al., 1990).

In contrast to the well-documented effects of adenosine
3': §’-cyclic monophosphate (cyclic AMP) elevating agents on
phosphoinositide responses in ASM (Hall & Hill, 1988;
Madison & Brown, 1988; Hall et al, 1989; 1990), little is
known about the influence of cyclic GMP in this tissue. In a
recent study in guinea-pig tracheal rings, Langlands et al.
(1989) examined the effects of zaprinast (M&B 22948), a Ca2*/
calmodulin-independent, cyclic GMP-specific phosphodiester-
ase (PDE; type Ia, see Torphy & Cielinski, 1990) inhibitor, on
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cyclic GMP content, Ins(1,4,5P, mass and methacholine
(MCh)- and histamine-induced changes in tone. Since zaprin-
ast increased basal and agonist-stimulated cyclic GMP levels
and abolished Ins(1,4,5)P, generation without influencing the
rate or magnitude of tension development, the authors con-
cluded that agonist-induced Ins(1,4,5)P, formation was not
involved in the contractile response induced by either of these
agonists. As these data are complicated by the heterogeneous
nature of the tissue studied, conflict with the findings of Hall
et al. (1990) who demonstrated no effect of zaprinast on inosi-
tol phosphate responses in bovine tracheal smooth muscle
(BTSM), and challenge much of the available data that
support a pivotal role for Ins(1,4,5)P; in initiating ASM con-
traction (Hashimoto et al, 1985; Chilvers et al., 1989a,b;
1990a; Hall & Chilvers, 1989; Coburn & Baron, 1990) we
have re-investigated the potential interaction between cyclic
GMP, Ins(1,4,5P, formation and tone in BTSM, an essen-
tially homogeneous ASM preparation (Katsuki & Murad,
1977). A preliminary account of some of these data has been
presented to the British Pharmacological Society (Chilvers et
al., 1990c).

Methods
Tissue preparation

Tracheae from 12-18 month old cows were obtained from a
local abattoir and transported to the laboratory in oxygen-
ated (95% O,, 5% CO,) Krebs-Henseleit (KH) buffer
(composition in mM: NaCl 118, KCl 4.7, MgSO, 1.2,
KH,PO, 1.2, NaHCO; 25, glucose 11.7, CaCl, 1.3) at 4°C.
The cervical trachealis muscle was dissected free of epithelium
and surrounding connective tissue and either maintained in
oxygenated ice-cold KH buffer for tension, [*H]-InsP and
cyclic GMP measurements or snap frozen in liquid nitrogen
and stored at —80°C for subsequent phosphodiesterase
studies.

Tension measurements

The effects of zaprinast, sodium nitroprusside and the com-
bination of these drugs on methacholine-induced tension
development in BTSM were studied as described by Lan-
glands et al. (1989). Essentially BTSM strips measuring
approximately 2 x 2 x 10mm were mounted under an initial
tension of 20mN in 5ml tissue baths containing oxygenated
KH buffer at 37°C. Following a 60-120min equilibration
period, during which time the tension was periodically read-
justed to 20mN and the buffer frequently changed, tissues
were pretreated for 20min with either vehicle (204l 0.1m
NaOH), 10 uM zaprinast, 300 uM sodium nitroprusside or the
latter two drugs in combination. Cumulative concentration-
response curves to methacholine were then constructed
according to Van Rossum (1963) from which estimates of
agonist potency (pD, = —log,, ECs,) were determined. To
account for intrinsic changes in sensitivity (pD,) of BTSM
strips to methacholine between tissues obtained from different
animals (see Table 1), the potential inhibitory effects of zaprin-
ast, sodium nitroprusside and zaprinast-plus-sodium nitro-
prusside on the methacholine concentration-response
relationship were performed using a paired experimental
design where control (no drug pretreatment) and experimental
strips obtained from the same animal were studied in parallel.

In a separate series of experiments designed to assess the
effects of zaprinast on the kinetics (t,,,) and magnitude (7,,,)
of methacholine-induced tone, BTSM strips were pre-
incubated with 10 uM zaprinast or vehicle prior to challenge
with 10 um methacholine (approx. EC,, for tension). Changes
in tension were measured isometrically with Grass FT03.c
force-displacement transducers and displayed on a Grass 7D
curvilinear ink-writing polygraph.

Flurbiprofen (1 um) was present in the KH buffer through-
out the tension, InsP and cyclic GMP experiments to prevent

the spontaneous and drug-stimulated release of cyclo-
oxygenase products from the BTSM and to prevent sodium
nitroprusside from increasing the tissue cyclic AMP content
(Torphy et al., 1985).

Separation and assay of cyclic nucleotide-dependent
phosphodiesterase isoenzymic activities

For the separation of PDE isoenzymes, approx. 5g of BTSM
were homogenized (Polytron 2 x 10s bursts at setting 8) in
10 vol. of ice-cold buffer A (composition in mMm: bis-Tris 20
(pH 6.5), sodium acetate 50, dithiothreitol (DTT) 2, EDTA 1,
ethylene glycol 30% (v/v) supplemented with benzamidine 2,
phenylmethylsulphonylfiuoride 0.05, bacitracin (100 zgml~?)
and soybean trypsin inhibitor (10 ugml~!)). To prevent DTT-
induced activation of thiol-dependent proteases which may
reduce PDE-yield, 60 um leupeptin was also added to buffer A
prior to homogenization (see Degerman et al., 1987). The
homogenate was centrifuged at 45000g at 4°C for 30min to
provide soluble (supernatant) and particulate (pellet) fractions.
The pellet was resuspended in 2 vol. buffer A containing
300mM KCl to remove any electrostatically bound PDE and
re-centrifuged as above. The combined supernatants were fil-
tered through gauze, diluted in buffer B (composition in mMm:
bis-Tris 20 (pH 6.5), EDTA 1, ethylene glycol 30% (v/v)) to
reduce conductivity to <4mS at 4°C and applied at a flow
rate of Imlmin~! to a Q-sepharose column (Bio-Rex
1.5 x 1.8cm) pre-equilibrated in buffer A. The column was
then washed with buffer A until the absorbance at 280 nm
returned to baseline and then eluted with a linear sodium
acetate gradient (50-900mMm, flow rate 0.5mlmin~?!, total
volume 400ml). Forty x 10ml fractions were collected and
aliquots assayed for cyclic nucleotide PDE activity as
described below. Peak fractions were subsequently pooled and
could be stored at —18°C for at least 2 months without loss
of Ca?*/calmodulin-independent PDE activity. - Cyclic
nucleotide-dependent PDE activity was measured by a modi-
fication (Schwartz & Passonneau, 1974) of the method
described by Thompson & Appleman (1971). The assay is
based upon the phosphodiesteric cleavage of [*H]-cyclic
AMP or [*H]-cyclic GMP to [*H]-5-AMP or [*H]-5-GMP
respectively which are dephosphorylated to their correspond-
ing labelled nucleosides and separated from the charged
nucleotides by Dowex anion exchange resin. Assays were per-
formed in triplicate at 37°C by adding 30ul of the relevant
column fraction to 270 ul of reaction medium containing (final
concentration in mM): triethanolamine 40 (pH 8.0), EGTA 2,
DTT 2, Mg(CH,COO), 10, BSA (500 ugml~?), cyclic AMP
(1 uM for type IV PDE isoenyzme) or cyclic GMP (1 um for
type Ia and type II PDE isoenzymes) supplemented with
250 000-350 000 d.p.m. [3*H]-cyclic GMP or [*H]-cyclic AMP,
0.25u alkaline phosphatase and approximately 5000d.p.m.
[*#C]-adenosine to estimate recovery. Reactions were termin-
ated after 10min by the addition of 1 ml of Dowex AG1-X8
(acetate form, 200400 mesh, propan-2-ol, water, 1:2:1 (w/v/
v)). Samples were thoroughly mixed and after 10min centri-
fuged at 12000 g for 2 min. The radioactivity in 650 ul aliquots
of the resulting supernatant was determined by liquid scintil-
lation counting. One unit of enzyme activity was defined as
the amount of PDE which catalysed the formation of 1 pmol
5'-AMP/5-GMP min~! mg~! protein at 37°C after correction
for the recovery (routinely 70-85%) of [**C]-adenosine.

Measurement of cyclic GM P

BTSM slices (300 um x 300 um) were prepared as previously
described (Chilvers et al., 1989a) and preincubated for 60 min
in 100ml oxygenated (95% O,:5% CO,) KH buffer at 37°C.
Two ml of gravity packed slices were then transferred to 50 ml
Erlenmeyer flasks containing 10 ml oxygenated KH buffer and
incubated for a further 60 min at 37°C. After this second incu-
bation period, 50ul aliquots of gravity-packed BTSM slices
were transferred to flat bottom vials containing 2301 KH
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buffer. Zaprinast (final concentration 10 um) or vehicle (0.3 mm
NaOH) were added in a 10ul volume 20 min before stimu-
lation with methacholine (10 um). Reactions were terminated
at appropriate times with 300l ice-cold 1M trichloroacetic
acid and extracts neutralized according to Downes et al.
(1986). Aliquots (250 ul) of the neutralized tissue extracts were
diluted 2 fold in 100mM sodium acetate (pH 6.2) and acety-
lated by the consecutive addition of triethylamine (10 ul) and
acetic anhydride (5 ul). Cyclic GMP levels were then measured
by radioimmunoassay as described by Brooker et al. (1979)
and Lappin et al. (1984). In brief, 100 4l of acetylated sample
were added to 25ul guanosine-3’, 5'-cyclic monophosphate,
2-0-succinyl 3-[!25I]-iodotyrosine methyl ester in 0.1% BSA
(approx. 2000d.p.m.) and 100zl anti-cyclic GMP antibody in
0.1% BSA. After vortex mixing, samples were incubated over-
night at 4°C and free and antibody-bound cyclic GMP
separated by charcoal precipitation in 100mM phosphate
buffer (pH 7.4). The detection limit and sensitivity of this assay
were approximately 2fmol and 15fmol cyclic GMP respec-
tively.

Measurement of Ins(1,4,5)P5 and [*H]-InsPs

Ins(1,4,5)P, mass was measured in the same neutralized tri-
chloroacetic acid tissue extracts used for the above cyclic
GMP estimations with a radioreceptor assay exactly as
described previously (Challiss et al, 1988). The protein
content of each tissue pellet was determined according to
Lowry et al. (1951).

The accumulation of total [*H]-InsPs in the presence of
SmM LiCl was used as an index of agonist-stimulated phos-
phoinositide hydrolysis (Berridge et al., 1982). BTSM slices
were prepared and pre-incubated in KH buffer for 60 min as
detailed above and labelled with 0.1 umM myo-[*H]-inositol for
60min in the absence of agonist, exactly as described pre-
viously (Chilvers et al., 1989a). Tissue slices were dispensed,
pretreated with zaprinast (10uM), sodium nitroprusside,
(300 um), vehicle or zaprinast in combination with sodium
nitroprusside for 20 min in the presence of LiCl (SmM) and
stimulated with methacholine (10um). Trichloroacetic acid
extracts were prepared as outlined above and total [*H]-
InsPs separated by Dowex AGI1-X8 anion-exchange resin
(100200 mesh, Cl- form; 0.5cm x 1.7Scm columns)
(Chilvers et al., 1989a). Unlabelled samples were run in paral-
lel to assess changes in tissue cyclic GMP content.

Materials

Acetyl-g-methylcholine, alkaline phosphatase (P-4252), baci-
tracin, benzamidine, bovine serum albumin (grade III), cyclic
AMP (sodium salt), cyclic GMP (sodium salt), dithiothreitol,
EDTA, EGTA, fluorbiprofen, leupeptin, phenylmethylsulp-
honylfluoride, sodium nitroprusside and soybean trypsin
inhibitor were purchased from Sigma. Zaprinast (M&B 22948)
was obtained from Rhone-Poulenc Rorer Inc., Dagenham,
Essex. Anti-cyclic GMP antibody, cyclic GMP 2'-O-succinyl
3-[12%1]-iodotryosine methyl ester (1980 Ci mmol ~?), [2,8-3H]
-cyclic AMP  (36.1Cimmol~?), [8-3H]-cyclicGMP
(23.7Cimmol 1), [8-*C]-adenosine (55Cimmol~!) and D-
inositol 1,4,5-trisphosphate were from Amersham Internation-
al Dowex AG1-X8 (200400 mesh, acetate form and 100-200
mesh, chloride form) were from BioRad. myo-[2-3H]-inositol
(17Cimmol~') and p-[*H]-inositol 1,4,5-trisphosphate (17—
20 Cimmol ~ ') were purchased or received as gifts from NEN
(DuPont). All other reagents were of analytical grade obtained
from commercial sources.

Data analysis

Significant differences between means were assessed by
unpaired ¢ test for non-contractile data and non-parametric
analysis (Mann-Whitney U-test) for contractile studies. The
null hypothesis was rejected when P < 0.05; IC,, and slope

factor values were determined by computer-assisted iterative
curve fitting (ALLFIT).

Results

Effect of zaprinast on cyclic nucleotide phosphodiesterase
activity

Three peaks of Ca?*/calmodulin-independent, cyclic-
nucleotide hydrolytic activity were obtained following anion
exchange chromatography of a crude BTSM supernatant
eluting at 14, 41 and 57mS (measured at 27°C). Using the
classification of Torphy & Cielinski (1990), and the substrate
specificity, kinetics of cyclic AMP/cyclic GMP hydrolysis and
sensitivity of the PDE activity of each peak to a range of
selective inhibitors (rolipram, Ro 20 1724, SK 94120, imazo-
dan and zaprinast), these peaks corresponded to type Ia, II
and IV PDE isoenzymes respectively (M.A. Giembycz & P.J.
Barnes, unpublished results). The specific activity of these
peaks, measured in the absence of Ca?*/calmodulin and with
1 uM cyclic GMP (type Ia and II PDE) and 1 uM cyclic AMP
(type IV PDE) as substrate and allowing correction for [14C]-
adenosine recovery was 4.3, 3.8 and 7.8 pmol 5'-GMP/5-AMP
formed min~!mg~! protein for types Ia, IT and IV respec-
tively.

Zaprinast caused a concentration-dependent inhibition of
all three PDE activities (Figure 1), but exhibited marked selec-
tivity (> 100 fold) as an inhibitor of the Ca%*/calmodulin-
independent, cyclic GMP-specific (type Ia) isoenzyme (IC,,
941 + 111nM) over both the type II isoenzyme (IC;,
93 + 10 uM) and the type IV isoenzyme (IC;, 197 + 28 um).
The concentration of zaprinast chosen for the subsequent
studies (10 uM) gave an 84.2 + 0.6% inhibition of type Ia PDE
hydrolytic activity and 5.9 + 2.3 and 13.7 + 3.8% inhibition of
types II and IV PDE activity respectively and hence, in the
cell-free assay system employed, this concentration of zaprin-
ast was the most discriminating to permit selective inhibition
of type Ia (Ca?*/calmodulin-independent, cyclic GMP
specific) PDE activity.

Effect of zaprinast and sodium nitroprusside on
methacholine-induced tone

Pretreatment of BTSM strips with zaprinast (10 uM) for 20 min
in the presence of flurbiprofen (1 um) failed to attenuate the
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Figure 1 Effect of zaprinast on type Ia, II and IV phosphodiesterase
(PDE) activities in the soluble fraction of BTSM homogenates. PDE
isoenzymes were separated from 450009 soluble fractions of BTSM
homogenates by Q-sepharose anion exchange chromatography and
cyclic nucleotide-dependent PDE activity measured in the presence of
various concentrations of zaprinast. Cyclic AMP (1 uM) was used as
substrate for type IV (A), and cyclic GMP (1 um) for types Ia (@) and
II (O) PDE isoenzymes respectively. Values are presented as mean for
8 determinations, each performed in triplicate, from 4 separate tissue
preparations; vertical bars shows s.e.mean. :
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Figure 2 Effect of zaprinast on kinetics of methacholine-induced
tone in BTSM strips. Strips were incubated in the absence (A) or
presence (@) of zaprinast (10uM) for 20min, prior to addition of
methacholine (10 uM; approx. EC,, for tension development). Data
are presented as mean for 10 tissue samples in 4 separate experiments;
s.e.mean shown by vertical bars.

initial rate or magnitude of tone induced by 10uM meth-
acholine (approx. ECy,). There was no significant difference in
the lag-time between addition of agonist and the onset of con-
traction in control (4.2 + 0.7s) or zaprinast pretreated tissues
(3.8 + 0.3s) and no difference (P > 0.05) in the time to achieve
half maximal (t,,,) contraction (control: t,,, = 39.6 + 3.9s;
zaprinast pretreatment: ¢,,, = 37.3 + 2.45) or in the maximum
tension developed (control: 204.8 + 12.6mN; zaprinast
pretreatment: 243.5 + 18.9mN; Figure 2). In addition, the
cumulative concentration-response relationship induced by
methacholine was also unaffected by pretreatment of tissue
with zaprinast (Figure 3a). In contrast, pretreatment of BTSM
for 20min with sodium nitroprusside (300uM) alone or in
combination with zaprinast (10um) significantly attenuated
tone induced by low, but not high concentrations of meth-
acholine (Figures 3b, 3c; Table 1). Thus, the methacholine
concentration-response curve was shifted to the right in a
non-parallel manner by both nitroprusside (4.0 fold at EC,,)
and by nitroprusside and zaprinast in combination (4.8 fold at
EC,,) without a reduction in the maximum response attained
(Table 1).

Effect of zaprinast on methacholine-stimulated
Ins(1,4,5)P5 and cyclic GM P accumulation

Methacholine (10uM) caused a rapid, transient increase in
Ins(1,4,5)P, mass in BTSM slices similar to that observed with
carbachol (Chilvers et al., 1989b) with a maximal response
(175% over basal) observed at S5s (Table 2). The increase in
Ins(1,4,5)P; caused 5s after methacholine addition was about
70% of that caused by a maximally-effective concentration of

Table 2 Effect of zaprinast on methacholine-stimulated
accumulation of inositol 1,4,5-trisphosphate (Ins(1,4,5)P;) in
BTSM slices

Ins(1,4,5)P, (pmol mg ™! protein)

Time (s) +/— MCh Control + Zaprinast
5 - 10.0 + 0.5 9.8 + 0.7
+ 17.1 £ 0.6 174 + 09
10 + 147 £ 0.7 149 + 0.8
15 + 11.9 + 09 125+ 08
30 + 102 + 0.8 102 +£ 08
60 - 104 + 04 10.7 £ 04
+ 8.6 +0.7 81+0.8

BTSM slices (300um x 300 um) were pre-incubated with
vehicle or zaprinast (10 um) for 20min prior to addition of
vehicle or methacholine (MCh, 10uM). Incubations were
terminated at the indicated time-points by addition of trich-
loroacetic acid and samples neutralised and assayed for
Ins(1,4,5)P, concentrations. Addition of 100 uM methacholine
for Ss increased Ins(1,4,5P, accumulation to 21.4 + 0.8
pmol mg ™! protein. Increasing the concentration of zaprinast
(100 um) had no effect on the maximal methacholine (10 um)
stimulation of Ins(1,4,5)P, accumulation (5s: 174 +
1.0 pmol mg ™! protein). Data represent mean + s.e.mean, for
3 separate experiments, each performed in triplicate.

this agonist (100 uM, see Table 2). Pretreatment of slices with
zaprinast (10 uM) for 20 min prior to stimulation with meth-
acholine did not influence the time course of methacholine-
induced Ins(1,4,5)P, accumulation (Table 2).

Methacholine (10 um) also caused a time-dependent increase
in the cyclic GMP content (Figure 4) with levels increasing
from control values of 105 + 21fmolmg™! protein under
resting conditions, to 453 + 29 fmol mg ™! protein by 30s post-
methacholine challenge. Zaprinast pretreatment did not sig-
nificantly affect either basal or methacholine-stimulated
(0-60s) cyclic GMP accumulation (Figure 4) although sig-
nificant increases in cyclic GMP were observed in the pre-
sence of  zaprinast with a longer  (30min)
methacholine-stimulation period (Figure 5a). In two further
experiments pretreatment of BTSM slices with zaprinast
(100 uM) for 20 min likewise failed to attenuate methacholine-
stimulated increases in Ins(1,4,5)P, or cyclic GMP at 5s (data
not shown).

Effect of zaprinast and sodium nitroprusside on
[3*H]-InsP and cyclic GM P accumulation

Since zaprinast (10 or 100 zM) did not influence basal or short-
term (60s) methacholine-stimulated cyclic GMP levels, but
was able to enhance the accumulation of cyclic GMP over
longer periods of methacholine stimulation (Figure Sa), the
effect of zaprinast (10 uM) on methacholine-stimulated phos-
phoinositide metabolism was examined 30min after meth-
acholine challenge. Since only a transient increase in

Table 1 Effect of zaprinast and sodium nitroprusside on methacholine-induced contraction: cumulative concentration-response curves
to methacholine were constructed using BTSM strips, pretreated for 20 min with vehicle, zaprinast (10 um), sodium nitroprusside (300 uM)

or a combination of the latter two agents as indicated

Methacholine concentration-response curve

pD,
Control 6.48 + 0.10
+ zaprinast 6.42 + 0.09
Control 6.89 + 0.21
+ sodium nitroprusside 6.29 + 0.07*
Control 6.59 + 0.07
+ zaprinast
+ sodium nitroprusside 591 + 0.13**

Fold rightwards shift at Toax
ECy ECs, ECqg, (mN)
352 +£32
1.0 12 1.2 323 +31
324 +21
5.1 4.0 23 328 + 16
376 + 34
52 48 34 331 +31

Data are presented as means + s.e.mean, derived from 8 tissue samples in 4 separate experiments. Statistical significance is indicated as

*P < 0.05; **P < 0.01.
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Figure 3 Effect of zaprinast and sodium nitroprusside on
methacholine-induced tone in BTSM  strips. Cumulative
concentration-response curves to methacholine were constructed in
BTSM strips pretreated for 20 min in the absence (A) or presence (@)
of (a) zaprinast (10 uM); (b) sodium nitroprusside (300um); or (c) a
combination of zaprinast (10 umM) and sodium nitroprusside (300 uM).
pD, and T,,, values and the degree of rightward shift observed are
presented in Table 1. Values are presented as mean of 8 observations
in 4 separate experiments; s.e.mean shown by vertical bars. Statistical
significance is indicated as *P < 0.05.

Ins(1,4,5)P; accumulation is observed following muscarinic
receptor-stimulation in this tissue (Table 2), despite continued
PtdInsP, hydrolysis (Chilvers et al., 1990b), total [*H]-InsP
accumulation in the presence of Li* was used as an index of
receptor-mediated phosphoinositide hydrolysis. In addition,
to investigate whether the elevation of cyclic GMP levels
by other means (i.e. through direct stimulation of soluble
guanylyl cyclase) was able to influence phosphoinositide
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Figure 4 Effect of zaprinast on methacholine-stimulated accumula-
tion of cyclic GMP in BTSM slices. Slices (300 um x 300 um) were
pre-incubated with vehicle (O, A) or zaprinast (10uM) (@, A) for
20min prior to addition of methacholine (10 um) (O, @) or KH buffer
(A, A). Incubations were terminated at the indicated time-points by
addition of trichloroacetic acid and samples neutralised and assayed
for cyclic GMP concentration. Data represent mean for 3 separate
experiments, each performed in triplicate; s.e.mean shown by vertical
bars.
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Figure § Effect of zaprinast and sodium nitroprusside on 30min
methacholine-stimulated cyclic GMP and [*H]-inositol phosphate
(InsP) accumulations. Unlabelled (a) or [*H]-inositol pre-labelled (b)
BTSM slices were pre-incubated with vehicle (c), zaprinast (Zap)
(10 um), sodium nitroprusside (NP) (300 uM) or a combination of these
agents as indicated for 20 min prior to stimulation with methacholine
(10 uM) or KH buffer for 30 min. Cyclic GMP (a) and [*H]-InsP (b)
accumulations were determined in neutralised trichloroacetic acid
extracts as described in the Methods section. Data are presented as
means for 3 separate experiments performed in triplicate; vertical bars
shown s.e.mean.
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hydrolysis, the effects of sodium nitroprusside alone at a
concentration (300uM) known to inhibit methacholine-
induced tone, or in combination with zaprinast, on cyclic
GMP and [3H]-InsP accumulation were examined.

Figure Sa shows that incubation of BTSM slices for 30 min
with sodium nitroprusside caused a marked increase in basal
and methacholine-stimulated cyclic GMP levels. When added
in combination, sodium nitroprusside and zaprinast acted
synergistically producing an 8 fold increase in the cyclic GMP
content. Despite these marked increases in cyclic GMP
observed with zaprinast, sodium nitroprusside or a com-
bination of these agents in methacholine-stimulated tissue, no
effect on methacholine-stimulated [*H]-InsP formation was
observed (Figure 5b).

Discussion

These data indicate that in the soluble fraction of BTSM
homogenates, zaprinast appears to be an effective inhibitor of
the type Ia (Ca?*/calmodulin-independent, cyclic GMP-
specific) PDE isoenzyme with an approximate 100 and 200
fold selectivity over the type II and IV PDE isoenzymes,
respectively. The potency of zaprinast in inhibiting Type Ia
PDE activity in BTSM (IC,, 0.94 uM) is very similar to that
previously reported in canine trachealis (Silver et al., 1988)
and bovine photoreceptors (Gillespie & Beavo, 1989). The
concentration of zaprinast (10 uM) used for the studies employ-
ing tissue slices was chosen not only to allow a direct com-
parison with the study by Langlands et al. (1989) but.also
because this concentration caused near maximal inhibition of
type Ia PDE without major effects on either the type II or IV
isoenzymes in BTSM.

The complete lack of effect of zaprinast on basal and
methacholine-stimulated Ins(1,4,5P; accumulation and on
cyclic GMP levels over the first 60s following stimulation
with methacholine contrasts markedly with the findings of
Langlands et al. (1989) in guinea-pig tracheal rings where
an identical experiment protocol resulted in a significant
elevation in tissue cyclic GMP and a complete inhibition
of methacholine- and histamine-stimulated increase in
Ins(1,4,5)P,. Our additional experiments demonstrating no
effect of higher concentrations of zaprinast (100um) on
methacholine-stimulated Ins(1,4,5)P; accumulation, or any
effect of zaprinast on phosphoinositide hydrolysis over longer
stimulation periods, where significant increases in tissue cyclic
GMP levels were observed, and the lack of effect of sodium
nitroprusside which induced large increases in tissue cyclic
GMP levels on [*H]-InsP responses all argue against a sig-
nificant role of cyclic GMP-dependent mechanisms in regulat-
ing  muscarinic-cholinoceptor-mediated  phosphoinositide
hydrolysis in BTSM. This conclusion is supported by the
observations by Hall et al. (1989; 1990) that pretreatment of
[3H]-inositol-labelled BTSM slices with zaprinast (100 um) for
20 min failed to influence either carbachol (1 uM)- or histamine
(1 mM)-stimulated accumulation of [*H]-InsPs, despite
marked attenuation of both responses by a range of cyclic
AMP elevating agents. These findings in BTSM are also con-
sistent with the recent demonstration in rat glioma CgBu,
cells (Kim et al., 1989) that dibutyryl cyclic AMP, but not
8-bromo-cyclic GMP, causes the phosphorylation of PLC-y, a
mechanism which is thought to be involved in the regulation
of phosphoinositidase C by cyclic AMP-dependent protein
kinase.

As it has been demonstrated that cyclic GMP is an impor-
tant regulator of phosphoinositide metabolism in other bovine
tissues, notably mesenteric arterial smooth muscle (Ahlner et
al., 1988), it is unlikely that a species effect alone explains the
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differences that exist between our own study and that of Lan-
glands et al. (1989). It is probable that since ASM is a rela-
tively minor cellular component in intact guinea-pig tracheal
rings, in contrast to BTSM preparations which are >95%
smooth muscle (Katsuki & Murad, 1977), that some of the
biochemical responses observed in the former tissue reflect
changes in non-airway smooth muscle cells. However, since it
is clear that major differences do exist in the ability of cyclic
GMP-elevating agents and non-hydrolysable cyclic GMP
analogues to influence phosphoinositide metabolism in
smooth muscle in different tissues, a specific species difference
cannot be fully excluded. In addition, our study does not
exclude the possibility that the apparent differences that exist
between vascular and airway smooth muscle with regard to
the sensitivity of agonist-stimulated inositol phosphate
response to cyclic GMP elevating agents are dependent on the
type of receptor activated, since studies in vascular tissue have
examined the modulation of a,-adrenoceptor responses, while
investigations in airway tissue have used agonists that interact
with histamine H,-receptors and Mj;-muscarinic-cholino-
ceptors.

In contrast, therefore, to vascular smooth muscle where
cyclic GMP-mediated inhibition of phosphoinositide metabo-
lism may well be an important mechanism mediating relax-
ation (Rapoport et al., 1983; Ahler et al., 1988; Hirata et al.,
1990); an alternative mechanism(s) appears to be responsible
for cyclic GMP-induced relaxation in BTSM (Ishii & Murad,
1989) as judged by the dissociation between the effect of
sodium nitroprusside on methacholine-induced tone and on
phosphoinositide metabolism. Although BTSM is known to
contain relatively large amounts of cyclic GMP-dependent
protein kinase (Torphy et al, 1982) and have a high cyclic
GMP to cyclic AMP-dependent protein kinase ratio (Fiscus et
al., 1984; Felbel et al., 1988) the mechanisms underlying the
ability of 8-bromo-cyclic GMP, and cyclic GMP-dependent
protein kinase, to inhibit carbachol-induced intracellular
Ca?* mobilisation in dissociated BTSM cells (Felbel et al.,
1988) are largely unknown. In BTSM, activation of cyclic
GMP-dependent protein kinase is known to phosphorylate
several sarcolemmal-associated proteins (Hogaboom et al.,
1982), two of which correspond to GS, and GS, subtrates
identified in guinea-pig vas deferens, uterus and ileum
(Casnellie & Greengard, 1974). In addition, cyclic GMP-
dependent protein kinase promotes the monophosphorylation
of myosin light chain kinase (Nishikawa et al., 1984), but
unlike the diphosphorylation caused by cyclic AMP-
dependent protein kinase has no effect on the Ca?*/
calmodulin dependence of myosin light chain phosphorylation
and consequently little functional effect. Activation of cyclic
GMP-dependent protein kinase has been shown to stimulate
Ca?* extrusion (Kobayashi et al., 1985) and Ca%* uptake into
the sarcoplasmic reticulum (probably via the phosphorylation
of phospholamban; Raemaekers et al., 1988) in aortic smooth
muscle cells and bovine pulmonary artery respectively. The
agonist-stimulated increases in cyclic GMP which result from
Ca?* activation of the soluble guanylyl cyclase or through
protein kinase C-induced phosphorylation of guanylyl cyclase
(Zwiller et al., 1985) may therefore play an important role in
the feedback control of Ca?* movements in ASM although
evidence that this occurs via modulating agonist-stimulated
phosphoinositide metabolism in bovine ASM is lacking.
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Effects of brevetoxin-B on motor nerve terminals of mouse

skeletal muscle
IM.C. Tsai & *M.L. Chen

Pharmacological Institute, College of Medicine, National Taiwan University, Taipei, Taiwan

1 The effects of brevetoxin-B, a red tide toxin, on motor nerve terminal activity were assessed on mouse
triangularis sterni nerve-muscle preparations. The perineural waveforms were recorded with extracellular
electrodes placed in the perineural sheaths of motor nerves.

2 At 0.11 um, brevetoxin-B increased the components of waveforms associated with sodium and pot-
assium currents while it decreased the calcium activated potassium current and the slow calcium current
of the nerve terminal. The fast calcium current and slow potassium current were not affected.

3 At 1.11 um, brevetoxin-B decreased all of the components of waveforms associated with sodium, pot-

assium and calcium currents.

4 It is concluded that brevetoxin-B affects sodium, potassium as well as calcium currents in the nerve
terminal. The effects may contribute to its pharmacological actions on synaptic transmission.

Keywords: Brevetoxin; nerve terminal current; red tide toxin; neuromuscular transmission

Introduction

The dinoflagellate Ptychodiscus brevis (formerly Gymnodinium
breve) is responsible for numerous fish kills during its blooms
(‘red tides’) along the coast of the Gulf of Mexico and for
human toxicity due to ingestion of contaminated shellfish
(Steidinger, 1979). In nerve and muscle preparations,
Shinnick-Gallagher (1980) reported that the crude fraction of
Gymnodinium breve toxin depolarized the resting membrane
potential of rat diaphragm. Tetrodotoxin antagonized the
toxin depolarized membrane. Wu et al. (1985) reported that
T-17, a fraction of purified toxin isolated from Ptychodiscus
brevis caused ai increase in the frequency of miniature end-
plate potentials in rat and frog neuromuscular junctions.
Similar results were found in rat hemidiaphragm (Gallagher &
Shinnick-Gallagher, 1985). T-17 also depolarized the squid
giant axons causing the sodium channels to open at the
normal resting potential (Wu et al., 1985). Based on the elec-
trophysiological studies on vertebrate synaptic transmission
and on squid giant axon, it was suggested that the brevetoxin-
enhanced transmitter release was caused by the effect of
brevetoxins on the sodium channel in the motor nerve termin-
al. However, there is no direct evidence proving brevetoxin
acts on the sodium channel in the motor nerve terminal.

Brevetoxin-B can be isolated in crystallized form (Lin et al.,
1981; Baden et al., 1981; Chou & Shimizu, 1982) and the
method of perineural waveform recordings allowed the char-
acterization of channels in the nerve terminals (McArdle et al.,
1981; Penner & Dreyer, 1986). The effects of various toxins on
motor nerve terminal currents have been well studied
(Anderson et al., 1988; Anderson & Harvey, 1988a, b). The
aim of this study was to elucidate the possible modes of action
of brevetoxin-B on the nerve terminal currents.

Methods

Experiments were carried out in vitro on the isolated triangu-
laris sterni nerve-muscle preparation (McArdle et al., 1981) of
adult L.C.R. mice (Mus musculus from Institute of Cancer
Research, U.S.A)) of either sex weighing between 17-25g.
Tissues were immersed in a physiological solution containing
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College of Medicine, National Taiwan University, No. 1., Sec. 1,
Jen-Ai Road, Taipei, Taiwan.

2 Present address: Department of Physiology and Pharmacology,
University of Southampton, Bassett Crescent East, Southampton SO9
3TU England.

(mMm): NaCl 115, KCl 5.0, CaCl, 2.5, MgSO, 1.0, NaHCO, 25,
Na,HPO, 1.0 and glucose 11. The bath was maintained at
room temperature (22-25°C) and continuously bubbled with a
gas mixture of 95% O, and 5% CO,, maintaining the physio-
logical solution at pH 7.3. (Penner & Dreyer, 1986). For
recording the perineural waveform, preparations were visual-
ized at a x 400 magnification by a Zeiss microscope equipped
with Normarksi interference contrast optics (Dreyer et al.,
1979). The preparation was continuously perfused (3-
6mlmin~!') with modified Krebs solutions of the composi-
tions described above.

Signals following nerve stimulation through a suction elec-
trode were recorded inside the endothelial tube of nerve
bundles (containing 2—4 nerve fibres) with glass microelec-
trodes filled with 0.5M NaCl (resistance 4-10 megaohm). The
reference electrode was a silver/silver chloride wire in the
recording chamber. The potential difference between the
recording electrode and the reference electrode in the bath was
measured by a high impedance unity gain amplifier
(Axoclamp-2), displayed on a dual beam storage oscilloscope
and simultaneously stored on FM tape. Wave-forms were
evoked by stimulating the motor nerve via a suction electrode
every 2-30s with supramaximal pulses of 0.05 ms duration. To
avoid the contribution of postsynaptic responses, the prep-
aration was treated with (+)-tubocurarine (30 um). Investiga-
tions on the ‘Ca currents’ were made in the presence of
tetracthylammonium chloride (TEA, 1mm) and 34-
diaminopyridine (3,4-DAP, 100-500uM) as indicated in the
results.

As the shape of the waveform recorded was very dependent
on the electrode position, waveforms were monitored contin-
uously from the same site before and throughout application
of drugs.

Materials

Tetraethylammonium, 3,4-diaminopyridine, (+ )-tubocurarine
were purchased from Sigma Chemical Co. (St. Louis, MO,
US.A). Brevetoxin-B was purified by Hong-Nong Chou
according to the method of Chou & Shimizu (1982) and it was
dissolved in absolute ethanol as a stock solution.

Results
Effect on the perineural waveforms
The effect of brevetoxin-B on the nerve terminal currents was

tested in nerve-muscle preparations immobilized by pretreat-
ment with (+)-tubocurarine (30 um). Figure 1a shows a nerve
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Figure 1 The effects of brevetoxin-B on nerve terminal current of
mouse motor nerve terminal. The preparation was incubated in
normal physiological solution containing 2.5 mmM CaCl, and (+ )-tubo-
curarine (30 uM). The nerve was stimulated at 0.5 Hz. (a) An example
of a perineural waveform; (b), (c), (d) and (e) were perineural wave-
forms 10 min after brevetoxin-B (0.055, 0.11, 0.55, 1.11 um) application,
respectively. (f) Perineural waveform 30min after (¢) and washing.

Note that sodium current (I,) and potassium current (I) showed a
biphastic perineural waveform.
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Figure 2 The effects of brevetoxin-B on calcium-dependent pot-
assium current (Ixc,) of mouse motor nerve terminal. The perineural
waveforms were recorded in the same area of nerve terminal. The
nerve was stimulated at 0.03 Hz. At (a) the preparation was incubated
in normal physiological solution containing 30 um (+ )-tubocurarine
and 2.5mMm calcium; (b) perineural waveform recorded 20min after
addition of 30uM (+)-tubocurarine ((+)-Tc) and 500um 3,4-
diaminopyridine (3,4-DAP). At (c), (d), (¢) and (f) brevetoxin-B, (0.011,
0.055, 0.11, 1.11um) were added respectively for 10min. At (g)
brevetoxin-B was washed with physiological solution containing
500uM 3,4-DAP and (+)-Tc (30um) for 30min from (f). Note that
brevetoxin-B decreased the calcium-dependent potassium current
when it increased the sodium and calcium (I,) currents in the nerve
terminal as shown in (e).
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Figure 3 The effects of brevetoxin-B on the slow potassium current
of motor nerve terminal. Calcium current (I,) was displayed after
suppression of the fast potassium current and calcium-dependent pot-
assium current by tetraethylammonium (TEA, 30 mMm). The perineural
waveforms were recorded in the same area of motor nerve terminal.
(+)-Tubocurarine (30 uM) and TEA (30 mM) were present throughout
the experiment from (a) to (d). The nerve was stimulated at 0.03 Hz. (a)
Control signal; at (b), (c) and (d), brevetoxin-B (0.011, 0.055, 0.11 uM)
were added respectively for 10min. Note that brevetoxin-B did not
affect the calcium current, indicating that brevetoxin-B did not alter
the slow potassium current of the nerve terminal.
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Figure 4 The effects of brevetoxin-B on presynaptic calcium currents
in mouse motor nerve terminals. The nerve was stimulated at 0.3 Hz.
(a) Control signal; from (b) to (d), the preparation was incubated in a
solution containing tetracthylammonium (ImM) and 34-
diaminopyridine (100 um). At (c) and (d) brevetoxin-B (0.11, 0.55 um),
respectively was further added to the preparation for 10min. Note
that brevetoxin-B did not alter the fast calcium current (I,,) of the
motor nerve terminal, while it decreased the slow calcium current
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signal following supramaximal nerve stimulation. It consisted
of a predominant biphasic negativity which was often preceed-
ed by a small positivity. This waveform closely resembled
focally recorded signals obtained at the transition between
myelinated axon and non-myelinated terminal where evidence
has been presented that the first negativity is due to Na*
influx (Iy,) and the second negative phase corresponds to a
passive current generated by the K* efflux (Ix) in the nerve
terminals (Brigant & Mallart, 1982; Penner & Dryer, 1986;
Anderson & Harvey, 1988a, b).

Brevetoxin-B affected the perineural waveform in a
concentration-dependent manner. The concentration-effect
relationships of brevetoxin-B on the perineural waveforms are
shown in Figure 1. At 0.11 uM, brevetoxin-B increased both
the sodium and potassium currents in the nerve terminal
(Figure 1c). At a higher concentration (1.11 um), brevetoxin-B
decreased both sodium and potassium currents in the nerve
terminal (Figure le). The effect of brevetoxin-B on the peri-
neural waveform was reversible. After 30 min of washing, the
perineural waveform was recovered. Similar results were
obtained in five experiments.

Effect of brevetoxin-B on the presynaptic
calcium-activated potassium current

For investigations of calcium-activated potassium currents
(Ixc,) in the nerve terminal, 3,4-DAP (500 uM) was added to
the bath solution. This concentration ensured maximal
responses and consistently revealed the typical triphasic
signals shown in Figure 2b. The signal component of the
calcium-activated potassium current was decreased after addi-
tion of brevetoxin-B (0.11 um) as showing in Figure 2e. Note
that the sodium and outward current (calcium current, I,) in
the nerve terminal were increased after brevetoxin-B (0.11 um)-
treatment (Figure 2e). However, the sodium and calcium cur-
rents in the nerve terminal were decreased if a higher concen-
tration of brevetoxin-B (1.11 um) was applied (Figure 2f).

After repetitive washing for 30 min, the sodium and calcium
currents in the nerve terminal recovered while the Iyc,
blocked by brevetoxin-B had not yet recovered (Figure 2g).
Similar results were found in 4 experiments.

Effect on slow tetraethylammonium-resistant potassium
current

A dose of TEA as high as 30mm failed to elicit full calcium
plateau responses. Prolonged calcium responses could only be
obtained by subsequent addition of 3,4-DAP (200 um). This
was taken as evidence for the presence of a TEA-resistant K *-
current in mammalian motor nerve terminals (Penner &
Dreyer, 1986). We studied the sensitivity of this current to
brevetoxin-B by looking for the ability of the compound to
promote full calcium plateau in 30mm TEA-treated prep-
arations. As shown in Figure 3, the calcium plateau could not
be elicited after addition of brevetoxin-B (0.11 um). If a higher
concentration of brevetoxin-B (1.11uM) was applied, the
calcium current as well as the sodium current was decreased.
The results indicate that brevetoxin-B has no effect on the
slow TEA-resistant potassium current. Similar results were
found in 4 experiments.

Effect of brevetoxin-B on the presynaptic calcium current

TEA and 3,4-DAP are potassium channel blockers. A com-
bination of both TEA and 3,4-DAP gave rise to a large posi-
tive deflection of the presynaptic current, which was blocked
by Cd?*, indicating its underlying cause to be a calcium
current (Penner & Dreyer, 1986). There were two different
presynaptic calcium currents in mouse motor nerve terminal.
The fast positive signal component (fast calcium current, I,)
was attributed to the voltage-dependent calcium channel,
responsible for the initiation of transmitter release. The slow
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positive signal component (slow calcium current, I,) also
depended on extracellular concentration although its physio-
logical role remained unknown (Penner & Dreyer, 1986).

The effects of brevetoxin-B on the nerve terminal calcium
currents are shown in Figure 4. Brevetoxin-B, at 0.11-0.55 uM,
decreased the slow component of the calcium channel in
motor nerve terminal. The fast component of the calcium
channel was not affected at this concentration. However, at
1.11 uMm, brevetoxin-B decreased both fast and slow com-
ponents of calcium currents in the nerve terminal. The sodium
current in the nerve terminal was also decreased. Similar
results were found in 5 experiments.

Discussion

In the present experiments, we found that brevetoxin-B
(0.11 um), not only increased the sodium and potassium cur-
rents of motor nerve terminal, it also decreased the I, of the
nerve terminal. At this concentration, brevetoxin-B had no
effect on the potassium current of the terminal currents.

The Iy, of the nerve terminal current may be important in
regulating nerve terminal excitability (either by altering the
frequency of depolarizations, or shortening the duration of
depolarization), preventing excessive accumulation of internal
Ca%* and thereby inhibiting transmitter release. Therefore,
the decreasing of Ixc, may contribute in some part to the
effect of brevetoxin-B on the transmitter releasing process. It
is interesting to note that charybdotoxin, a blocker of calcium
activated potassium channel, also produced a moderate
increase in the evoked release of acetylcholine after 3,4-DAP
pretreatment (Anderson et al., 1988).

Brevetoxin-B (0.11 um) did not alter the fast calcium current
of the nerve terminal (Figure 4), while it increased the outward
current in a 3,4-DAP (500 um)-pretreated preparation (Figure
2e¢). The reason for the different effects of brevetoxin-B on
those currents remained unknown. However, brevetoxin-B
also increased the sodium current and calcium-activated pot-
assium current. Any change in the operation of the neuronal
sodium current will alter the driving force for the nerve ter-
minal currents. .
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Endothelins: vasoconstrictor effects and localization in canine
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1 The vascular effects of endothelin and localization of endothelin-like immunoreactivity were character-
ized in isolated cerebral arteries of dogs.

2 Endothelin-like immunoreactivity was detected in a few populations of endothelial cells of dog basilar
artery.

3 Endothelin-1, endothelin-2 and endothelin-3 contracted isolated ring preparations of cerebral arteries
in a dose-dependent manner independently of the presence of endothelium. The EDs, values (and 95%
confidence intervals) for the contraction were 411pM (242-697pMm) and 478pm (295-776 pm) for
endothelin-1 and endothelin-2, respectively. Endothelin-3 induced vascular contraction at a higher con-
centration (EDs, = 26.5nM, 95% confidence interval = 15.7-45.7 nm).

4 The increases in tone induced by endothelin-1 and endothelin-2 did not return to the resting level after
repeated washings, while a rinse with Krebs solution reversed the vasoconstrictor response to endothelin-
3. The endothelins did not cause any vasodilator response in arteries precontracted with uridine 5'-
triphosphate even in the presence of intact endothelial cells.

5 NiCl, (1 mm) attenuated the contractions induced by endothelin-3 (10-300nM) and those to relatively
low doses (1 nm) but not higher doses (10-100 nM) of endothelin-1 and endothelin-2. The contractions in
response to endothelin-1, endothelin-2 and endothelin-3 were greatly attenuated in Ca?*-free solutions
although high concentrations of endothelin-1 and endothelin-2 still evoked contractions.

6 These results suggest that the vasoconstriction induced by endothelin-3 and lower doses of endothelin-
1 and endothelin-2, largely depends on the influx of Ca2* ions. The apparent insensitivity to Ni2* shows
that additional distinct mechanisms also operate in the vasoconstrictor responses to high concentrations
of endothelin-1 and endothelin-2.

7 The presence of endothelin-like immunoreactivity in endothelial cells suggests that endothelin is a

potential endogenous spasmogen.

Keywords: Dog cerebral artery; endothelin; immunohistochemistry; nicardipine; nickel; vasoconstriction

Introduction

Cultured vascular endothelial cells produce endothelin, a
vasoconstrictor peptide with 21 amino acid residues
(Yanagisawa et al, 1988). Analysis of genomic DNA has
shown the presence of three members of an endothelin family,
endothelin-1, endothelin-2 and endothelin-3, in mammals

including man (Inoue et al, 1989a; Yanagisawa & Masaki,.

1989). Endothelin-3 is a less potent constrictor of porcine
coronary arteries in vitro, while endothelin-2 is equally or
more potent than endothelin-1 (Inoue et al., 1989a). Although
quantitative differences in the vasoconstrictor effects of these
endothelins have been shown in porcine coronary arteries, it is
not known whether or not there is a qualitative difference in
the vasoconstrictor mechanism of these peptides.

Endothelin-1 causes a direct and sustained vasoconstriction
of cerebral arteries from cats and dogs in vitro and in vivo
(Saito et al., 1989b; Mima et al., 1989; Asano et al., 1989).
Although endothelin-1 constricts various vascular tissues,
there seems to be a considerable difference in the pharmacolo-
gical effects of endothelin-1 among the tissues. For example,
the vasoconstrictor responses induced by endothelin-1 are
reportedly sensitive to nicardipine, a Ca2*-channel blocker, in
porcine coronary and cat cerebral arteries but not in the
aortae of rats and rabbits (Kasuya et al., 1989a; Saito et al.,
1989b; Sakata et al., 1989; Ohlstein et al., 1989). Endothelin-1
also evokes an endothelium-dependent vasodilator response

! Author for correspondence.

in rat aorta and mesenteric arteries (Sakata et al., 1989; De
Nucci et al., 1988) but not in cat cerebral arteries.

Recently the presence of endothelin-1 in both plasma and
cerebrospinal fluid was demonstrated in patients with sub-
arachnoid haemorrhage (Masaoka et al., 1989; Fujimori et al.,
1990). In the present study, we have characterized the cerebro-
vascular effects of the endothelin family and investigated the
localization of endothelin by an immunohistochemical
method in dog cerebral arteries.

Methods

Mongrel dogs of either sex (11-19 kg) were anaesthetized with
sodium pentobarbitone (Nembutal; Abbot, North Chicago,
US.A.; 60mgkg™ ', i.v.) and exsanguinated. The brains were
removed, then the middle cerebral and basilar arteries were
dissected out and placed in a Krebs solution. The data
obtained from these arteries were pooled since there is no dif-
ference in the responses of these arteries to agonists (Toda,
1990). The composition of the Krebs solution was (mM): NaCl
113, KCl 4.8, CaCl, 2.2, KH,PO, 1.2, MgSO, 1.2, NaHCO,
25 and glucose 5.5. A high K* (100mM) Krebs solution was
prepared by replacing NaCl with equimolar amounts of KCl.
A Ca?*-free Krebs solution was prepared by omitting CaCl,
from the Krebs solution. An 0.1 M stock solution of ethylene
glycol bis(f-aminoethyl ether)N,N,N’,N' -tetra-acetic acid
(EGTA) was prepared with distilled water and the pH of this
solution was adjusted to 7.4; in some experiments, EGTA was
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added to the Ca?*-free Krebs solution to give a concentration
of 200 um.

A stainless rod and a short piece of tungsten wire were care-
fully passed through the lumen of ring segments (4 mm long)
of the arteries which were then mounted in tissue baths con-
taining 30 ml Krebs solution. The tungsten wire was anchored
to a plastic gate and the steel rod was connected to a trans-
ducer (Nihon Kohden TB 612T) for isometric recordings of
changes in the contractile force. The organ baths were sili-
conized before the experiments to prevent nonspecific adhe-
sion of the peptides. The Krebs solutions were maintained at
37°C and bubbled with a gas mixture of 95% O, and 5% CO,
throughout the experiment. The resting tension of the tissue
was adjusted to 1.0g. At the beginning of the experiment, the
vasoconstrictor response to 100 mm KCl was obtained in each
tissue so that the vasoconstrictor responses to the endothelins
could be expressed as a % of K-induced contractions. In some
tissues uridine 5'-trisphosphate (UTP; 30-100 um) was applied
to gain an active tone of 0.5 to 1.0g.

Full dose-response curves were constructed by cumulative
addition of the endothelin peptides. In some preparations the
endothelium was removed by rubbing the intimal surface with
a scored needle (Saito et al., 1989a). The functional absence of
endothelium was confirmed by the lack of an endothelium-
‘dependent vasodilator response to substance P. From the
ED;, values of the preparations the geometric mean and the
95% confidence interval were obtained (Fleming et al., 1972).

For immunohistochemical experiments, basilar arteries
were fixed with formaldehyde and picric acid, dehydrated with
ethanol, cleared with xylene, rehydrated and then frozen
(Saito et al., 1989a). Transverse sections (10 um) of the arteries
were obtained by cutting with a cryostat. Monoclonal anti-
bodies (KM 565; Goto et al., 1990) were applied (1 : 2000) and
then the avidin-biotin peroxidase complex (ABC) method
(Hsu et al., 1981) was used to demonstrate the localization of
endothelin-like immunoreactivity. The immunoreaction was
observed under a microscope (Axioskop; Carl Zeiss; Oberko-
chen, Germany). In the same sections, the endothelium was
identified as a monolayer of cells covering the inner surface of
the internal elastic lamina of the artery (Liisher, 1988) by use
of a differential interference contrast. The monoclonal anti-
bodies used in the present study cross-react with endothelin-1,
endothelin-2, endothelin-3 and porcine big endothelin-1. Since
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the antibodies might have cross-reacted with unknown sub-
stances, the immunoreactive material was termed “endothelin-
like” in the present study.

The drugs used were endothelin-1, endothelin-2 and
endothelin-3 (Peptide Institute; Osaka, Japan), EGTA (Dojin;
Kumamoto, Japan), nicardipine (Sigma; St Louis, U.S.A.),
nickel chloride (Wako; Osaka, Japan), substance P (Peptide
Institute) and UTP (Sigma). The endothelins were prepared in
a phosphate buffered saline (pH 7.4) containing 0.05% bovine
serum albumin. The statistical analysis was carried out by
Dunnett’s test using a computer package (YUKUMUS Sta-
tistic Library; Yukumus; Kawasaki, Japan).

Results

Endothelin-1 and endothelin-2 caused slowly developing and
dose-dependent vasoconstrictor responses at doses from
20 pM—20 nM. Repeated washings of the tissue with fresh Krebs
solution did not reduce the tone induced in the arteries by
these endothelins (Figure 1). In the presence of tone induced
by UTP, additional vasoconstrictor responses occurred in
response to relatively high concentrations of endothelins. In
these precontracted tissues, substance P induced a vasodilator
response (Figure 2).

Endothelin-3 also caused a vasoconstrictor response. In
contrast to the responses caused by endothelin-1 and
endothelin-2, the endothelin-3-induced vasoconstriction was
not sustained after rinsing the tissue with fresh Krebs solution
(Figure 1). Endothelin-3 did not cause a vasodilator response
in the presence of UTP-induced tone (Figure 2).

Figure 3 shows the cumulative dose-response curves in
endothelium-intact and endothelium-free preparations; the
ED,, values and the maximum responses induced by the
endothelins are shown in Table 1. The vasoconstrictor effects
did not differ between endothelium-intact and endothelium-
free preparations. There was no difference in the ED;, values
between endothelin-1 and endothelin-2. The ED;, value for
endothelin-3 was about 60 times greater than those for
endothelin-1 and endothelin-2. Endothelin-1 and endothelin-3
induced similar maximum responses, but endothelin-2 evoked
a significantly larger maximum response than those given by
endothelin-1 and endothelin-3.

w
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Figure 1 Typical vasoconstrictor responses to endothelin-1 (a), endothelin-2 (b) and endothelin-3 (c). Washing with fresh Krebs
solution (W) did not reduce the increased tone by endothelin-1 or endothelin-2. The increased tone induced by endothelin-3 rcturqed
to a resting level by repeated washing with Krebs solution. The numbers in the figure indicate the negative logarithm of the peptide

concentration. Each trace was obtained from separate preparations.
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Figure 2 The effect of endothelins on precontracted dog cerebral
arteries. Endothelin-1 (a), endothelin-2 (b) and endothelin-3 (c) did not
cause any vasodilator responses in tissues precontracted with uridine
S'-trisphosphate (UTP). In all these tissues substance P (SP) caused a
vasodilator response. The numbers in the figure indicate the negative
logarithm of the concentration of the peptides.

Addition of 1 mm NiCl, caused a slight vasodilatation and
then a slight vasoconstriction in some tissues (Figure 4). NiCl,
suppressed the vasoconstrictions induced by 1nm but not by
10 or 100nM of either endothelin-1 or endothelin-2 (Figure 4
and Figure 5). The vasoconstrictor response to endothelin-3
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Figure 3 Dose-response curves to the cumulative addition of
endothelin-1 (QO), endothelin-2 (@) and endothelin-3 (A) in
endothelium-intact (a) and endothelium-free (b) preparations. The
vasoconstrictor response was expressed as a percentage of the con-
traction induced by 100mmM KCIl. Each point and bar represents the
mean and s.e.mean. At some points the bars are within the symbol. In
the endothelium-intact preparations the number of tissues (n) and
number of animals (N) were 9 and 6, respectively, for all the peptides.
In endothelium-denuded preparations, (n, N) were (7, 4), (8, 5) and (5,
4) for endothelin-1, endothelin-2 and endothelin-3, respectively.

(10-300nm) was profoundly attenuated by Imm NiCl,.
Nicardipine (10nM) also caused a vasodilator response in
some arterial preparations. The vasoconstrictor responses
induced by the three endothelins were similarly reduced by
nicardipine (Figure 5).

Removal of Ca?* ions also caused a vasodilatation from

Table 1 EDj, values and the maximum responses for endothelins in dog isolated cerebral arteries

ED,, (nM)
(geometric mean and

95% confidence interval)

Endothelium-intact

Endothelin-1 0411
0.242-0.697

Endothelin-2 0478
0.295-0.776

Endothelin-3 26.5*°

’ 15.745.7
Endothelium-removed
Endothelin-1 0.741
0.468-1.17

Endothelin-2 0.513
0.331-0.812

Endothelin-3 358

22.9-56.2

n, N: number of tissues and number of aminals.

Maximum response
(% of K-induced contraction)

mean #+ s.e.mean n, N
744 + 2.8 9,6
95.5 +4.2¢ 9,6
62.6 + 8.7¢ 9,6
88.5+9.5 7,4

117.7 + 44° 85
75.6 + 5.7¢ S5, 4

* Significant difference between the ED,, for endothelin-1 and endothelin-3 (P < 0.01).

® Significant difference between the ED,, for endothelin-2 and endothelin-3 (P < 0.01).

¢ Significant difference between the maximum response to endothelin-1 and endothelin-2 (P < 0.05).

4 Significant difference between the maximum response to endothelin-2 and endothelin-3 (P < 0.01).

There were no significant differences (P > 0.05) between the ED,s for endothelin-1 and endothelin-2 and the maximum responses to

endothelin-1 and endothelin-3.
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Figure 4 Representative tracings of the effects of 1 mm NiCl,, 10 nM nicardipine and Ca2*-removal (no EGTA) on the vasoconstric-
tor effects of endothelin peptides. Three doses (1, 10 and 100 nM for both endothelin-1 and endothelin-2, and 10, 100 and 300 nM for
endothelin-3) were examined. The numbers in the figure indicate the negative logarithm of the concentration of the peptide.
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Figure 5 Effects of various treatments on the vasoconstrictor
responses induced by endothelin-1, endothelin-2 and endothelin-3.
Each point and bar represents the mean and the s.e.mean. Number of
tissues (n) and number of animals (N) for control (O), 1 mM NiCl,
(@), 10nM nicardipine ([J), Ca%*-removal without EGTA (A) and
Ca?*-removal with 0.2mM EGTA (A) were as follows (n, N):
endothelin-1 (7, 4), (7, 4), (14, 8), (6, 4), (8, 5); endothelin-2 (7, 4), (8, 5),
(6, 3), (6, 4), (6, 3) and endothelin-3 (9, 6), (7, 4), (8, 5), (6, 4), (6, 3).
*Significantly different from the control (P < 0.05). **Significantly dif-
ferent from control (P < 0.01).

the resting state (Figure 4). In Ca2*-free solutions, the con-
traction to endothelin-3 was abolished whereas the
endothelin-1- and endothelin-2-induced contractions were
reduced, but not abolished. Addition of EGTA (0.2mm) to
Ca?*-free solutions further suppressed the endothelin-1- and
endothelin-2-induced vasoconstrictions (Figure 5).

In 8 out of 9 tissues (from 6 animals), endothelin-like immu-
noreactivity was found to be present in endothelial cells of the
basilar arteries (Figure 6). Even in these positive tissues only a
few cells in each section exhibited an endothelin-like immuno-
reactivity. The immunoreaction was not observed when the
antibodies were preincubated with 10 uM endothelin-1 over-
night.

Discussion

Endothelin-1 causes potent and long-lasting vasoconstriction
of cerebral arteries of cats and dogs in vitro (Saito et al.,
1989b; Asano et al., 1989). The present study showed that not
only endothelin-1 but also endothelin-2 and endothelin-3 were
potent vasoconstrictors of dog cerebral arteries. Judging from
the ED;, values, endothelin-2 was as potent as endothelin-1;
however, endothelin-3 was 60 times less potent than
endothelin-1. Although the maximum contractile responses
induced by endothelin-1 and endothelin-3 were not signifi-
cantly different, endothelin-2 caused a larger maximum
response than endothelin-1. The orders of the potency of, and
the maximum responses to, the endothelins were similar to
those observed in the porcine coronary artery (Inoue et al.,
1989a). The vasoconstrictions induced by endothelin-1 and
endothelin-2 were not easily reversed by removing the peptide
from the bathing solution. The long-lasting effect of
endothelin-1 may be due to its low dissociation rate from the
binding sites (Hirata et al., 1988). In contrast, the elevated
tone of the artery induced by endothelin-3 returned to the
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Figure 6 Endothelin-like immunoreactivity (arrow) in endothelial
cells of the basilar artery of the dog. Bar equals 10 m. IEL: internal
elastic lamina; SM: smooth muscle.

resting level upon washing with a fresh solution. Since
endothelin-3 is less hydrophobic than endothelin-1 and
endothelin-2, endothelin-3 may dissociate from its receptor
more easily than endothelin-1 and endothelin-2.

Although endothelins evoke endothelium-dependent vaso-
dilatation in some peripheral vascular tissues (De Nucci et al.,
1988; Sakata et al., 1989; Warner et al., 1989; Douglas &
Hiley, 1990), a vasodilator response was not evoked by the
endothelins in dog cerebral arteries. Acetylcholine, arachido-
nic acid and angiotensins induce vasoconstriction by releasing
a vasoconstrictor substance from endothelial cells in dog cere-
bral arteries (Shirahase et al., 1987; Manabe et al., 1989).
However, the vasoconstrictor actions of the endothelin were
independent of the presence of endothelial cells in the present
study. Thus, in dog cerebral arteries all these endothelins
cause strong vasoconstriction by acting directly on the
smooth muscle rather than indirectly by acting on endothelial
cells. Further, it is suggested that endothelins do not release
endothelium-derived relaxing factor in cerebral arteries.

Endothelin-1 seems to cause vasoconstriction by both
increasing the influx of Ca2* and also releasing Ca%* from
intracellular store sites in coronary arteries of pigs (Kasuya et
al., 1989a,b). Although the vasoconstrictor responses induced
by the endothelins were profoundly attenuated, small but con-
sistent vasoconstrictor responses were evoked by endothelin-1
and endothelin-2 in Ca®*-free solutions in dog cerebral
arteries. This suggests that the endothelins cause vasoconstric-
tor responses by an extracellular Ca?*-dependent mechanism
and that endothelin-1 and endothelin-2 may act also by a
mechanism which is independent of extracellular Ca2*. Since
the removal of Ca?* from the medium, expecially in the pre-
sence of EGTA, may reduce the vasoconstriction induced by
not only Ca?*-influx but also mobilization of intracellular
Ca?* (Ohistein et al., 1989), the effects of the blockade of
Ca?*-influx by Ni?* and of nicardipine, an organic Ca2*-
channel blocker, were further examined in the present study.
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The vasoconstrictor responses induced by endothelin-3 and
those caused by low (1 nM), but not those by high (10-100 nm),
doses of endothelin-1 and endothelin-2 were sensitive to Ni%*
The pharmacological effects of Ni?* on membrane Ca2*-
channels are not known in dog cerebral arteries. However,
Ni2* suppresses the Ca?*-influx through channels which are
distinct from L-type Ca?*-channels in the smooth muscle of
the aorta (Lawson & Cavero, 1989). Accordingly, it appears
that the vasoconstrictor responses induced by either
endothelin-3 or low doses of endothelin-1 and endothelin-2
are mediated by the influx of Ca?* into the smooth muscle
cells through the Ni2*-sensitive pathway.

Organic Ca2*-channel blockers inhibit the endothelin-1-
induced vasoconstrictor responses of porcine coronary and
cat cerebral arteries but not of aorta or mesenteric arteries of
rats and rabbits (Kasuya et al., 1989a; Saito et al., 1989b; Ohl-
stein et al., 1989; D’Orleans-Juste et al., 1989). In the present
study, nicardipine attenuated the vasoconstrictor responses to
all three endothelins to a similar extent. It has been shown
that endothelin-1 causes its vasoconstrictor effects by the acti-
vation of L-type Ca2*-channels in porcine coronary arteries
(Yanagisawa et al., 1988; Goto et al., 1989). However, Ca2*-
channel blockers inhibit the vasoconstrictor responses induced
by various vasoconstrictors in dog cerebral arteries by not
only suppressing the influx of Ca?* through Ca?*-channels
but also by depleting Ca2* from intracellular stores (Asano et
al., 1987; Yamamoto et al., 1983; Fujiwara et al, 1982). In
cither case, the results suggest that Ca2*-channel blockers
may be useful in the relief of any cerebral vasoconstriction
induced by endogenous endothelins.

The vasoconstrictor responses induced by high doses of
endothelin-1 and endothelin-2 were entirely resistant to Ni2*.
Thus it may be suggested that the mode of Ca’*-influx
induced by high doses of endothelin-1 and endothelin-2 is dif-
ferent from that by low doses in dog cerebral arteries.
However, endothelin-1, at doses above 1 nm induces contrac-
tion of vascular smooth muscles by mobilization of Ca?*
from intracellular stores both in porcine coronary arteries
(Kasuya et al., 1989b) and in the aortae of rats and rabbits
(August et al., 1988; Sakata et al., 1989; Huang et al., 1990;
Ohlstein et al., 1989). Therefore, it is likely that in dog cerebral
arteries, endothelin-1 and endothelin-2 at high doses evoke
vasoconstriction by an additional extracellular Ca2*-
independent mechanism.

The attenuation by Ni?* of the vasoconstriction induced by
endothelin-3, but not that caused by high doses of endothelin-
1 or endothelin-2, indicates that the vasoconstrictor effect of
endothelin-3 was not only quantitatively but also qualitatively
distinct from those of endothelin-1 and endothelin-2. Recently,
the presence of multiple binding sites for the endothelins has
been shown in chicken cardiac membranes; a binding site for
endothelin-1 and endothelin-2, and the other for endothelin-3
(Watanabe et al., 1989). It is conceivable that these receptor
subtypes couple to different intracellular messenger systems or
channels. Therefore, high doses of endothelin-1 and
endothelin-2 may activate distinct receptor subtypes from that
for endothelin-3, although the vascular endothelm-bmdmg
sites are yet to be characterized.

The present study revealed the presence of endothelin-like
immunoreactivity in a few endothelial cells of the cerebral
arteries of dogs. Similar endothelin-like immunoreactivity is
also present in neurones of the porcine spinal cord
(Yoshizawa et al., 1989). Unlike neuronal cells, secretory gran-
ules are not present in endothelial cells. Thus it has been sup-
posed that endothelial cells release endothelin synthesized de
novo (Yanagisawa & Masaki, 1989). Nevertheless, the demons-
tration of endothelin-like immunoreactivity suggests that
some cells do retain a certain amount of an endothelin-like
substance.

The antibodies used in the present study cross-reacted with
endothelin-1, endothelin-2 and endothelin-3. Cultured endo-
thelial cells from human umbilical vein produce mRNA for
preproendothelin-1  but not  preproendothelin-2  or
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preproendothelin-3 (Inoue et al., 1989b). Furthermore, cere-
bral microvessels of pigs also produce mRNA for
preproendothelin-1 (Yoshimoto et al., 1990). Although this
observed endothelin-like substance is likely to be endothelin-1,
it cannot be determined exactly which form of endothelin is
present in endothelial cells of cerebral arteries. As shown in
the present study, endothelin-1, as well as endothelin-2 and
endothelin-3, causes a sustained vasoconstriction of cerebral
arteries. Accordingly, endogenous endothelin produced in
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Rapid decrease in neuropeptide Y gene expression in rat adrenal
gland induced by the a,-adrenoceptor agonist, clonidine
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1 The mechanism of regulation of the neuropeptide Y (NPY) gene by pharmacological treatment with
the «,-adrenenoceptor agonist, clonidine, was investigated by quantitative Northern blot analysis of the
effects of this drug on the NPY mRNA levels in rat adrenal gland and medulla oblongata/pons.

2 In the adrenal gland, clonidine-treatment (50 ugkg™!, s.c., once daily) resulted in decrease in the
amount of NPY mRNA to 44 + 10% of the control level in 24 h and then its increase to 162 + 16% of the
control level after 5 days. Concomitant changes in putative NPY pre-mRNA species (7.0 and 3.3kb) were
observed, probably due to changes at the level of NPY gene transcription.

3 The short-term (24h) effect of clonidine was blocked by yohimbine (Smgkg™!, i.p., once daily).
Yohimbine alone tended to increase the NPY mRNA level after 24 h.

4 The recovery/increase in the NPY mRNA level in the adrenal gland after 5 days treatment with
clonidine was similar to its increase after treatment with reserpine (0.5 mgkg™!, i.p., once daily).

5 NPY gene expression in the medulla oblongata/pons was not changed by short- or long-term treat-
ment with clonidine.

6 These results suggest that clonidine suppresses NPY gene expression in the adrenal gland, probably at
the level of transcription, by activation of the a,-adrenoceptor.

Keywords: Neuropeptide Y; gene expression; clonidine; a,-adrenoceptor; rat adrenal; rat medulla oblongata/pons

Introduction

Neuropeptide Y (NPY) is a 36-amino acid peptidergic
cotransmitter/neuromodulator of central and peripheral cate-
cholaminergic neurones (especially perivascular sympathetic
neurones), including the adrenal gland derived from sympa-
thetic neurones (Tatemoto, 1982; Everitt et al., 1984; de Quidt
& Emson, 1986). The recent finding that NPY coexists with
catecholamines and is co-released with the latter on nerve
stimulation suggests its importance in sympathetic neuro-
transmission (Lundberg et al, 1982; Hakanson et al., 1986;
Higuchi et al., 1988a). In addition to its role in sympathetic
neurotransmission and/or neuromodulation, NPY in the cir-
culation seems to be involved in regulation of the peripheral
and cardiac arterial blood pressure and cardiac functions
(Allen et al.,, 1983; Gray & Morley, 1986; Edvinsson et al.,
1987). Central administration of NPY results in marked hypo-
tension, whereas its peripheral systemic administration
induces prolonged hypertension (Fuxe et al., 1983; Dahlof et
al., 1985).

High concentrations of NPY-immunoreactivity (NPY-I)
have been found in chromaffin cells and nerve fibres in the
adrenal gland (de Quidt & Emson, 1986; Schalling et al.,
1988b; Higuchi et al., 1990). NPY-I is stored in chromaffin
granules (Majane et al., 1985) and is co-released with catechol-
amines from the adrenals into the circulation (Allen et al.,
1984). NPY functions as an endogenous inhibitor of catechol-
amine release from the adrenals (Higuchi et al., 1988a) and a
potent vasoconstrictor in the circulation (Dahlof et al., 1985;
Edvinsson et al., 1987). Judging from these effects, NPY syn-
thesized in the adrenal gland seems to participate in regula-
tion of the systemic blood pressure and release of adrenal
catecholamines into the circulation.

On the other hand, in the medulla oblongata/pons many
NPY-immunoreactive neurones are located in ventrolateral
C1 and dorsal vagal C2 adrenergic cell groups as well as in Al
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and A4 noradrenergic cell groups (Everitt et al., 1984; Gray &
Morley, 1986). NPY cell groups in the ventrolateral medulla
seem to be important in regulation of the vasomotor centre
(Ward-Routledge & Marsden, 1988; Tseng et al, 1988;
McAuley et al., 1989; Sun & Guyenet, 1989).

There is increasing evidence that the steady-state level of
NPY is regulated by physiological factors such as aging,
innervation, stress and pharmacological treatments that influ-
ence sympathetic functions or blood pressure (Higuchi &
Yang, 1986; Lundberg et al, 1987; Higuchi et al., 1988b;
Higuchi, 1989). During aging, NPY gene expression increases
specifically in the adrenal gland and medulla oblongata/pons
(Higuchi et al., 1991).

The antihypertensive drug, reserpine, changes the steady-
state level of NPY and also prepro-NPY gene (NPY gene)
expression in peripheral sympathetic organs (Schalling et al.,
1988a,b,c; Higuchi et al, 1990). Thus one effect of anti-
hypertensive drugs may be to modify the level of vasoconstric-
tive NPY peptide, by changing its rate of biosynthesis and/or
turnover.

The imidazoline derivative clonidine, an «,-adrenoceptor
agonist, lowers the blood pressure by central inhibition of
sympathetic nerve activity (Haeusler, 1974). Moreover, short-
term treatment with clonidine increases the steady-state level
of NPY in peripheral organs, such as the heart and adrenal
gland, in contrast to reserpine, which has a suppressive effect
(Nagata et al., 1986; Franco-Cereceda et al., 1987; Lundberg
et al., 1987). One way in which clonidine elevates the NPY
peptide level seems to be by inhibiting NPY release by acti-
vating presynaptic a,-adrenoceptors (Dahlof et al., 1986).
However, like reserpine, it might also affect NPY gene expres-
sion in neuronal cells.

To investigate whether clonidine modulates gene expression
of the vasoconstrictive NPY peptide, we examined its effects
on the level of NPY mRNA in the adrenal gland and medulla
oblongata/pons, in relation to vascular control. For this
purpose we carried out quantitative Northern blot analyses
with a cloned rat NPY cDNA (Higuchi et al., 1988c), as a
probe.



Methods

Drug treatment

Male Sprague-Dawley (SD) rats were used. Clonidine hydro-
chloride (50ugkg™!, s.c), yohimbine hydrochloride (5mg
kg~!, ip) and reserpine (0.5mgkg~!, ip.) in saline were
injected into 8-week-old rats (body weight 250-280g) once
daily for 1 or 5 days. Control rats received the same volume
(0.1 ml) of saline only. Rats were killed by decapitation 24h
after the last injection.

Preparation of cellular RN A

Brains were dissected as described by Glowinski & Iversen
(1966). Pairs of adrenal glands and medulla oblongata/pons,
obtained immediately after decapitation, were homogenized in
at least 5 volumes of 4M guanidinium thiocyanate solution.
Total cellular RNA in the extracts was purified by centrifu-
gation through 5.7m CsCl, and quantitated by their absorb-
ance at 260 nm (Higuchi et al., 1988c). The RNA yields were
not affected by drug treatment and mean values were as
follows: 89 + 6ug per pair of adrenal glands (n = 30);
108 + 12 ug per the medulla oblongata/pons (n = 31).

Quantitation of neuropeptide Y mRN A

The level of NPY mRNA was determined by Northern blot
analysis and comparison of autoradiographic signals with
those of standard RNA samples run at the same time, as
described previously (Higuchi et al., 1988c). For stan-
dardization, at least 5 different amounts (2.5-100 pg) of pBL-
NPY1 transcripts (NPY sense RNA) and a standard rat
striatum RNA preparation were run simultaneously with or
without carrier rat liver RNA. The autoradiographic signals
were quantitated by densitometric scanning and integration
of peak areas corresponding to mature NPY mRNA
(approximately 800 bases). Northern blot rather than dot blot
analysis was used because the latter method is usually not suf-
ficiently sensitive for quantitation of NPY mRNA (Higuchi et
al., 1988c; 1990; Sabol & Higuchi, 1990).

Statistical methods

Statistical significance was determined by Student’s ¢ test.

Materials

Clonidine hydrochloride (Sigma), yohimbine hydrochloride
(Nakarai Tesque) and reserpine (Daiichi Seiyaku Co) were
used.

Results

Figure 1 shows results of Northern blot analysis on change in
NPY mRNA from the adrenal gland after clonidine treatment.
The rat NPY cDNA probe hybridized with at least three
mRNA species of different sizes. Besides mature NPY mRNA
(800 bases), larger RNA species (3300 and 7000 bases) were
detected in samples from the adrenal gland and brain (Figures
1 and 3). These larger RNA species (7.0 and 3.3 kb) are consis-
tent in size with the unspliced and incompletely spliced tran-
scripts predicted from the structure of the rat NPY gene,
suggesting the presence of putative NPY pre-mRNA species
(Larhammar et al., 1987; Sabol & Higuchi, 1990; Higuchi et
al., 1990).

The amounts of NPY mRNA and the two putative NPY
pre-mRNA species (0.8, 3.3 and 7.0kb, respectively) in the
adrenal gland decreased to an equal extent after treatment
with the a,-adrenoceptor agonist, clonidine, for 24 h (Figures
1, 2, Tables 1 and 2). Their decreases induced by clonidine
were blocked in the presence of the a,-adrenoceptor antago-
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Figure 1 Northern blot analysis of neuropeptide Y (NPY) mRNA
from rat adrenal gland after drug treatment. Male rats (8 weeks old)
were treated with clonidine (CL, 50ugkg~!, s.c.), yohimbine (Y,
Smgkg™!, i.p.), reserpine (R, 0.5mgkg™!, i.p.), and/or vehicle (C) once
daily for 1 day or S days as indicated. Then tissues were promptly
excised and lysed in 5-10 volumes of 4M guanidinium thiocyanate
solution. Total cellular RNAs were prepared, purified, and quantitat-
ed as described in the Methods. Total cellular RNAs (25 ug/sample)
were separated by electrophoresis in formaldehyde agarose gel,
blotted and hybridized with the 511-bp EcoRI insert of the pBL-
NPY1 plasmid. Numbers at the left indicate lengths of hybridized
RNAs (0.8, 3.3 and 7.0kb). The density of NPY mRNA band of
control samples are a little different in (a) and (b) due to different
exposure time.

nist yohimbine (Figure 1, Tables 1 and 2). Yohimbine alone
tended to increase the levels of the NPY mRNA and NPY
pre-mRNA species (0.8, 3.3, and 7.0kb, respectively), but not
significantly (Figures 1 and 2, Tables 1 and 2). As these
changes in the level of mature NPY mRNA were associated
with changes of a similar extent in the level of the putative
NPY pre-mRNA species (3.3 and 7.0kb), the changes in NPY
gene expression probably occurred at the level of gene tran-
scription. The absolute amounts of NPY mRNA in the
adrenal glands after short-term treatments with clonidine
and/or yohimbine were quantitated by the comparison with
signals of the synthesized pBL-NPY1 transcripts (NPY sense
RNA) (Table 1). The results suggested that NPY gene expres-
sion in the adrenal gland is decreased by activation of the

Table 1 Effect of clonidine treatment on the level of neuro-
peptide Y (NPY) mRNA in rat adrenal gland

Treatment NPY mRNA (pgug~! tcRNA)
Control (1 day) 1.70 + 0.25 (6)
Clonidine (1 day) 0.75 £ 0.17 *(6)
Yohimbine (1 day) 220 + 024 (3)
Clonidine + yohimbine (1 day) 1.76 + 0.07 (3)
Control (5 days) 1.54 £ 0.14 (3)
Clonidine (5 days) 2.50 + 0.24 $(3)
Reserpine (5 days) 3.17 + 0.30 **(3)

Male rats (8 weeks old) were treated with clonidine
(50 ugkg™!, s.c), yohimbine (Smgkg~!, i.p.) and reserpine
(0.5mgkg™!, i.p.) once daily for 1 day or 5 days, as indicated.
The adrenal glands were immediately excised and their NPY
mRNA abundances were quantitated as described in the
Methods. tcRNA is total cellular RNA. Values are
means + s.e.mean for 3 or 6 independent experiments (as
shown in parentheses). Each experiment was done with an
extract of tissue from two or three rats. Significantly different
from the control value: *P < 0.01; **P < 0.05.

t Significantly different from the value after clonidine treat-
ment for 1 day: P < 0.01.
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Figure 2 Densitogram of drug-induced changes in neuropeptide Y
(NPY) mRNA in rat adrenal gland. Autoradiographic signals of NPY
mRNA from the adrenal gland after drug treatment for 1 day were
quantitated by scanning densitometry. Exposure times of autoradio-
grams were chosen so that peak areas were within the range of linear

variation with the amount of RNA applied. Numbers below the traces
indicate the lengths of hybridized RNAs (0.8, 3.3 and 7.0kb).

a,-adrenoceptor with clonidine, probably at the level of NPY
gene transcription.

After the initial decrease to 44 + 10% of the control level,
the amount of NPY mRNA in rat adrenal gland increased
significantly to 162 + 16% of the control level after 5 days
treatment with clonidine (Table 1). As shown in Figure 1 and
Table 2, this increase in the amount of NPY mRNA was
associated with increases in the level of the putative NPY pre-
mRNA species (3.3 and 7.0kb) in the adrenal gland, suggest-

ing increase in the level of NPY gene transcription. Similar
increase in NPY gene expression in the adrenal gland was
observed after 5 days treatment with reserpine, although the
hypotensive mechanisms of clonidine and reserpine are differ-
ent (Figure 1, Tables 1 and 2).

In contrast, the level of NPY mRNA in the medulla
oblongata/pons was not changed significantly by treatment
with clonidine for 1 or 5 days (Figure 3 and Table 3), suggest-
ing that a,-adrenoceptors are not involved in regulation of
NPY gene expression in the medulla oblongata/pons.

Discussion

The antihypertensive drug reserpine is known to deplete sym-
pathetic neurones of monoamines by interfering with Mg?*-
dependent vesicular storage mechanisms for amines. Recently
short-term treatment with reserpine was found to decrease the
level of NPY-I without changing that of NPY mRNA in per-
ipheral sympathetic organs including the adrenal gland
(Lundberg et al., 1986; Nagata et al., 1987; Higuchi et al.,
1990). This effect was due to accelerated release of NPY from
the nerve terminals and the chromaffin cells by increase in

7.0 =3 7.0 =3 '

3.3 =3 3.3 =P

- 4§ = os=3 W W
C CL C CL
1 day 5 days

Figure 3 Northern blot analysis of neuropeptide Y (NPY) mRNA
from rat medulla oblongata/pons after drug treatment. Male rats (8
weeks old) were treated with drugs or vehicle once daily for 1 or 5
days as for Flgure 1. The RNAs from the medulla oblongata/pons
were prepared, quantitated and separated by electrophoresis in form-
aldehyde agarose gel as described in the Methods. Treatment: C;
vehicle, CL; clonidine.

Table 2 Effect of clonidine treatment on the putative neuropeptide Y (NPY) pre-mRNA levels in rat adrenal gland

Treatment

Control (1 day)
Clonidine (1 day)
Yohimbine (1 day)
Clonidine + yohimbine (1 day)
Control (5 days)
Clonidine (5 days)
Reserpine (5 days)

NPY pre-mRN A level
(% of control)

3.3 kb-species 7.0 kb-species

100 + 11 100 + 10
4 + 12* 41 +9*
110 + 11 143 + 25
110 + 15 95+2
100 + 14 100 + 4
118 + 5 104 + 5
190 + 21* 200 + 32*

Male rats (8 weeks old) were treated with clonidine, yohimbine, and reserpine as described for Table 1. Total cellular RNA (tcRNA) was
prepared from the adrenal glands and subjected to Northern blot analysis, as described in the Methods. The relative quantities of the
putative NPY pre-mRNA species (3.3 and 7.0kb) were determined by comparison of the densities of autoradiographic bands of samples
(25 ug tcRNA) and are shown as percentages of the control values (means + s.e.mean) from three independent experiments. Each experi-
ment was done with two independent extracts of tissue from two or three rats. Significantly different from the control value: *P < 0.05.



Table 3 Absence of change in the neuropeptide Y (NPY)
mRNA level in rat medulla oblongata/pons on clonidine

treatment
Treatment NPY mRNA (pg ug~' tcRNA)
Control (1 day) 2.63 +0.52
Clonidine (1 day) 2.66 + 0.18
Control (5 days) 3.04 + 0.70
Clonidine (5 days) 2.89 + 0.64

Total cellular RNA (tcRNA) from the medulla oblongata/
pons of the same rats as for Figure 1 were subjected to quan-
titative Northern blot analysis and levels of NPY mRNA
were measured as described in the Methods. Values are
means + s.e.mean for three independent experiments. Each
experiment was done with an extract of tissue from two rats.

sympathetic nerve activity in response to hypotension
(Lundberg et al., 1986; Higuchi et al., 1990). Long-term treat-
ment with reserpine results in gradual increase in NPY gene
expression in chromaffin cells in the adrenal gland or ganglion
cells in sympathetic ganglia, due to trans-synaptic activation
as the result of increased activity of the preganglionic sympa-
thetic nerves (Higuchi et al., 1990; Schalling et al., 1988c). This
induction of NPY gene expression resulted in increased bio-
synthesis of NPY peptides (Higuchi et al, 1990). Thus,
reserpine clearly induces both release (/turnover) of NPY pep-
tides and gene expression and biosynthesis of NPY.

In contrast, short-term treatment with clonidine increases
the tissue content of NPY-I in peripheral tissues (Nagata et
al., 1986; Franco-Cereceda et al., 1987). One reason for this
effect is its inhibition of presynaptic release of NPY from sym-
pathetic nerve terminals by activation of the a,-adrenoceptor
(Dahl6f et al., 1986). Interestingly, short-term treatment (24 h)
with clonidine at 50 ugkg~! decreased NPY gene expression,
probably at the level of gene transcription, by activating the
a,-adrenoceptor in the adrenal gland in vivo (Figure 1, Tables
1 and 2). Suppression of NPY gene expression can result in
decreased production of NPY peptides and so its inhibition of
NPY gene expression may also decrease the amount of
usable/releasable NPY peptides from the adrenal gland. If so,
this inhibition of NPY gene expression in the adrenal gland
probably participates in the hyptensive action of clonidine.

Clonidine (50 ugkg™!) changed the levels of NPY mRNA
and putative NPY pre-mRNA species in the adrenal gland,
but not in the medulla oblongata/pons. This finding suggested
that this «,-adrenoceptor agonist regulates NPY gene expres-
sion preferentially in peripheral sympathetic neurones, includ-
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Characterization of bombesin receptors in peripheral contractile

organs

N. Rouissi, N.-E. Rhaleb, F. Nantel, S. Dion, G. Drapeau & 'D. Regoli

Department of Pharmacology, Medical School, University of Sherbrooke, Sherbrooke, Canada J1H 5N4

1 Guinea-pig and rat urinary bladders, rat stomach and the guinea-pig gall bladder, four isolated organs
that show high sensitivity to bombesin, were used to characterize bombesin receptors in peripheral
organs.

2 The order of potency of agonists was determined with several naturally occurring peptides of the
bombesin series, namely bombesin (BBS), litorin (Lit), neuromedin B (NMB), the gastrin-releasing peptide
(GRP 18-27), neuromedin C (NMC) and with some bombesin fragments. It was found that bombesin,
neuromedin C, litorin and two bombesin fragments, BBS (6—14) and AcBBS (6-14) had similar activities in
the four preparations, while neuromedin B and [Phe®]-neuromedin C were more active on the rat urinary
bladder than on the other tissues. '

3 The order of potency of agonists determined in the rat urinary bladder was as follows:
BBS = NMB > Lit > NMC > [Phe®JNMC = GRP and it was found to be different from that observed
in the other preparations: BBS > GRP = Lit > NMC » NMB > [Phe®*JNMC, suggesting the existence
of two different bombesin receptors, BBS, and BBS,.

4 This interpretation was convalidated by the finding that bombesin antagonists, namely Ac.GRP(20-
26)0OCH, and Ac.GRP(20-26)OC,H; reduced or blocked the effects  of bombesin-related peptides on

BBS, receptor systems while being completely inactive on the rat urinary bladder (BBS, system).
Keywords: Bombesin; receptor subtypes; antagonist; smooth muscles

Introduction

Bombesin is a tetradecapeptide isolated from amphibian skin
(Anastasi et al., 1971), and shown to have similarities to litorin
(Anastasi et al., 1975) and other mammalian peptides, the
gastrin releasing peptide (GRP) (McDonald et al., 1979),
neuromedin B (NMB) (Minamino et al., 1983) and neuro-
medin C (NMC), (Minamino et al., 1984).

Bombesin and its homologues exert a variety of biological
effects both on the central nervous system and in peripheral
organs; they modulate thermoregulation (Brown et al., 1977),
activate gastric, pancreatic or intestinal secretions (Bertaccini
et al., 1973; Girard et al., 1984; Otsuki et al., 1987 and see also
Jensen et al, 1988a) and motility (Erspamer et al, 1970;
Erspamer & Melchiorri, 1973; Girard et al., 1984; Severi et al.,
1988).

Erspamer et al. (1970) first observed that bombesin has a
stimulant effect on isolated smooth muscles. More recently,
Falconieri-Erspamer et al. (1988) have shown that litorin and
phyllolitorin (two bombesin homologues) are potent stimu-
lants of the rat urinary bladder but are rather weak on other
smooth muscle preparations, which however show high sensi-
tivity to bombesin. They concluded that multiple bombesin
receptor types may be present in peripheral organs. Studies
with antagonists, both the substance P (SP)-analogues (Jensen
et al., 1984; Regoli et al., 1988) and the pseudopeptide ana-
logues of bombesin (Jensen et al., 1988a,b) have provided
further indication that BBS and related peptides may act on
two different receptor types.

Recent developments in the field of bombesin antagonists
have centred on the GRP (20-26) sequence. Heimbrook et al.
(1989) have shown that GRP (20-26)OCH, and GRP (20-26)
OC,H, competitively block the binding of GRP to Swiss 3T3
mouse fibroblasts.

In this study, we have attempted to characterize bombesin
receptors by using a few bombesin homologues and fragments
as well as some antagonists bearing the GRP (20-26)
sequence. These peptides were tested on four smooth muscle
preparations, the rat and guinea-pig urinary bladders (RUB;

! Author for correspondence.

GPUB,), the rat stomach (RS) and the guinea-pig gall bladder
(GPGB).

Methods

The experiments were carried out on tissues taken from rats
(albino, Sprague Dawley, 200-300g) and guinea-pigs (albino,
200-300 g) killed by stunning and exsanguination through sec-
tioning of the carotid arteries. The organs were rapidly taken
out and plunged in oxygenated Tyrode solution of the follow-
ing composition (in mm): NaCl 137.0, KCl 2.7, CaCl, .6H,0
1.8, MgCl,.6H,0 1.05, Na,HPO, 04, NaHCO, 119 and
dextrose 5.6. Strips of the four organs were prepared accord-
ing to the procedure described by Vane (1957) for the rat
stomach. The strips were then suspended in 10ml organs
baths containing Tyrode solution oxygenated with 95% O,
and 5% CO, and kept at 32°C. A tension of 1g was initially
applied to the strips of GPUB, RUB and RS and 0.5g to
those of GPGB. Tissues were allowed to equilibrate for 60 to
80min during which time they were washed and the tension
readjusted at 15min intervals. Changes of tension produced
by bombesin and other substances were recorded isometrically
with Grass force transducers (FTO3C) on Grass polygraphs
(Model 7D).

Experimental protocols

Concentration-response curves for bombesin and several frag-
ments and homologues were obtained by applying consecu-
tively increasing concentrations of each peptide up to 1075 m.
The maximal response was measurable for the majority of the
peptides at this concentration. Large variations in the
maximal responses to the various peptides were observed in
some of the tissues (for instance the rat stomach) and the
maximal response of each preparation to BBS was taken as
100%, knowing that oF in this condition is purely an empirical
parameter useful to compare maximal effects of agonists.
Peptide affinities were calculated from a minimum of six
concentration-response curves and are expressed in terms of
pD,, the negative logarithm of the concentration of peptides
that produces 50% of the maximum effect of each compound.
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This method of calculation inevitably leads to underesti-
mating the activities of the potent («F higher than 1.0) and to
overestimating those of the weak («F lower than 1.0) peptides.
Relative activities are expressed as a percentage of that of
bombesin.

Apparent affinities of antagonists (pA,, the negative
logarithm of the concentration of antagonist that reduces the
effect of a double dose of agonist to that of single dose; Schild,
1947) were determined by measuring biological responses to
BBS in the absence and in the presence of the antagonist, the
latter being added 7-8 min before measuring the effect of
bombesin. Higher concentrations of some antagonists were
also tested to estimate pA,, values and evaluate the com-
petitivity of the antagonists from the pA,-pA,, difference,
according to Schild (1949). Schild plots were calculated
according to Schild (1949) for the two antagonists.

In other experiments, peptidase inhibitors, namely captopril
(1 x 10~%m), thiorphan (2.3 x 10~%M) and bestatin (10~°m)
were tested on the rat stomach, the rat urinary bladder and
the guinea-pig urinary bladder, according to Rouissi et al.
(1990a,b). In short, the effects of average high concentrations
of each peptide were measured in the absence and presence of
the peptidase inhibitor. These compounds were applied 20 to
30min before testing the peptide in order to obtain a stable
inhibition of the intramural enzymes.

Peptides and other drugs

Bombesin, litorin, neuromedin C, neuromedin B were pur-
chased from Bachem; human GRP (1-27) was a gift from Dr
S. St-Pierre, INRS, Montreal; BBS (6-14), Ac-BBS (6-14),
Ac-GRP (20-26) OCH,, Ac-GRP (20-26) OC,H;, Ac-GRP
(20-26), Ac-[D-Phe!?]-BBS (6-14), [Phe®]-neuromedin C,
bradykinin and angiotensin II were prepared in our labor-
atory by Dr G. Drapeau by the solid-phase method (Drapeau
& Regoli, 1988). The primary structures of the bombesin-
related peptides are shown in Table 1. Peptides prepared in
our laboratory were purified by high pressure liquid chroma-
tography and their structures were assessed by fast atomic
bombardment (FAB) mass spectrometry.

Atropine, methysergide, indomethacin, acetylcholine and
histamine were purchased from Sigma, EDTA from Fisher
and 3-amino-1-[m-(trifluoromethyl)-phenyl]2 pyrazoline (BW
755C) was a gift from Dr S. Moncada of Burroughs-Welcome.
Thiorphan was purchased from Institut Armand Frappier
Biochem International Inc., bestatin from Sigma and captopril
was a gift from Dr J.G. Joly of Squibb Canada.

Concentrated solutions (1mgml~!) of all peptides were®
made in distilled water and kept at —20°C. Daily solutions
were made in 0.9% saline and discarded at the end of the
experiment. Solutions of indomethacin were made in Trizma
base.

Activities of agonists are presented in terms of pD, and
those of antagonists in terms of pA, or pA,,. Data obtained

Table 1 Primary structure of bombesin-related peptides

in the absence and in the presence of antagonists or peptidase
inhibitors have been compared, by Student’s ¢ test for paired
samples. Probability values lower than 0.05 were considered
to be significant.

Results

Effects of bombesin and related peptides on isolated
organs

The four isolated organs used in the present study responded
to BBS and related peptides with concentration-dependent
contractions which developed rapidly; for instance, in the
GPUB (Figure 1) and the GPGB (not shown). These contrac-
tions were reversible in a few minutes after washing out the
peptides. In the other preparations, the RUB (Figure 1) and
the RS (not shown), the contractile responses consisted of an
initial rapid and late slow phase and took S to 8 min to reach
the maximum: they were reversible, but more slowly than
those of the tissues from the guinea-pig (Figure 1).

Concentration-response curves were measured with all the
bombesin-related peptides agonists in the four tissues by
applying consecutively, increasing concentrations of each
peptide from threshold to 105 m.

Examples of such curves are shown in Figure 2 for bomb-
esin and neuromedin B. The two peptides showed similar
activities in the rat urinary bladder, but bombesin was much
more active than neuromedin B on the other three tissues,
particularly the GPGB. The other peptides gave
concentration-response curves that occupied an intermediate
position between bombesin and neuromedin B, and showed
parallelism with that of BBS. This is shown in Figure 2 for the
GPUB. From such curves, the activities of the various pep-
tides were compared with that of BBS as mentioned under
Methods.

Order of potency of bombesin homologues and fragments

Relative affinities (expressed as a percentage of that of BBS) of
some homologues and fragments of bombesin, including those
already tested by Regoli et al. (1988) are presented in Table 2.
In all preparations, bombesin and its fragment Ac-BBS (6-14)
were the most potent stimulants. The other fragment, BBS
(6-14) was also very active on the RUB and the GPUB, but
less active than bombesin on the others. Neuromedin B was as
active as BBS on the RUB, while showing little activity on the
other three preparations (see also Figure 2). The affinities
of bombesin homologues in the GPUB and the GPGB were
very similar and the rank order of potency of the investigated
peptides was as follows: BBS > GRP =Lit > NMC »
NMB > [Phe®]-NMC.

The rat stomach showed some differences compared to the
GPUB and GPGB. Firstly, NMC was much less active than
BBS; however, NMB was a full agonist with almost 10% of

1 2 3 4 5 6

Bombesin (BBS) pGlu Gin Arg Leu Gly Asn
BBS (6-14) —
Ac-BBS (6-14) Ac —
Ac-[D-Phe!?]BBS (6-14) Ac —
Neuromedin C (NMC) — —
[Phe®]-NMC — —
Neuromedin B (NMB) — —
Litorin pGlu

15 16 17 18 19
GRP (human) R-Tyr Pro Arg — —
Ac-GRP (20-26) Ac
Ac-GRP (20-26) OCH, Ac
Ac-GRP (20-26) OC,H, Ac

R = Val-Pro-Leu-Pro-Ala-Gly-Gly-Gly-Thr-Val-Leu-Thr-Lys-Met.

Gin Trp Ala Val Gly His Leu Met NH,

— — — — DPhe — -_ —
Hs — - - — — — — —
Hs — — Phe — —_ — —
Lew — — Thr — —_ Phe — —

- = = = = — Phe - —

20 21 22 23 24 25 26 27
Hs — — — — — — — NH,
Hs — - - — — - NH,

Hs — - - - — —  OCH,
Hs — — - — — — OC,H;
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