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A haemorrhage model was used to impose severe metabolic stress in anaesthetized cats by removing
blood (15.3mlmin~?) to attain an arterial pressure of ca. S0mmHg for a 2h period. Adenosine levels in
central venous blood rose by Smin, reached a peak of about 3.5 times control levels by 15min and then
returned to the basal level (1 uM) by 60min. However, the adenosine concentration in arterial blood
remained unchanged for the entire 2h period of hypotension. These data demonstrate that haemorrhage
results in rapid adenosine release, but the released adenosine is not able to serve a role as a systemic

circulating vasodilator even in this severe model.
Keywords: Adenosine; haemorrhage; anaesthetized cats

Introduction Extreme metabolic stresses, such as ischaemia
and haemorrhage, evoke endogenous adenosine release. The
released adenosine dilates vascular smooth muscles and re-
stores tissue blood flow to exert protective effects including
limitation of vascular injury (Babbitt et al., 1989), improve-
ment of myocardial recovery (Bolling et al., 1990) and preven-
tion of neuronal damage (Dux et al, 1990). Adenosine
receptor antagonists, caffeine in rats (Conlay et al., 1988) and
8-phenyltheophylline in cats (Lautt & Légaré, 1985), result in
less decrease of blood pressure for a given volume of blood
loss. It is unclear, however, if this evidence of a hypotensive
role of adenosine is entirely secondary to actions locally at the
site of the adenosine release or whether adenosine can recircu-
late to serve a generalized systemic hypotensive effect. It has
been suggested that adenosine release, which is reported to be
maximal at the time of haemorrhagic decompensation, may
account for the decline in plasma catecholamines that is seen
at that time (Tung et al., 1987).

We have examined the relation of endogenous adenosine to
haemorrhage using an improved high performance liquid
chromatography (h.p.l.c.) fluorometric method for measure-
ment of adenosine in plasma (Zhang et al., 1991). The objec-
tive was to determine if adenosine is released into venous
blood and, second, if locally released adenosine could attain
levels in arterial blood that could lead to generalized systemic
effects. The data show that adenosine is released into venous
blood during haemorrhage but is eliminated from plasma
before reaching the arterial side of the circulation, suggesting
that adenosine is not able to serve a role as a systemic circu-
lating vasodilator even under conditions of extreme metabolic
stress.

Methods Experiments were performed on mongrel cats (2.5-
5.0kg) of either sex. The animals were fasted for 18h and
anaesthetized with sodium pentobarbitone (32.5mgkg™!, i.p.);
supplementary doses (6mg, i.v.) were given as required to
maintain adequate anaesthesia. Body temperature was main-
tained at 37.5°C by use of a rectal probe and a thermal-
controlled unit (Yellow Springs Instruments, model 72)
operating heating rods in the surgical table. A cannula was
placed in the right brachial vein for administration of fluids
and maintenance doses of anaesthetic. The left femoral artery
was cannulated for measurement of systemic arterial pressure,
and the aorta was cannulated via the right femoral artery for
the withdrawal or infusion of blood. the left carotid artery was
cannulated for arterial sampling. The inferior vena cava was
cannulated by two catheters via the right and left femoral
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vein, respectively. The right catheter, with the tip located
below the junction of the renal vein, was used for measure-
ment of central venous pressure and the left one, with the tip
located 2 cm below the heart, was used for venous sampling.

Plasma adenosine was measured by h.p.lc.-fluorometric
detection as previously described (Zhang et al., 1991). Briefly,
each blood sample (360 ul) was rapidly collected into a 1 ml
syringe containing 40 ul of a stopping solution consisting of
dilazep (1 mMm) to inhibit adenosine uptake into and release
from erythrocytes; erythro-9-(2-hydroxy-3-nonyl)adenine
(10 um) to block adenosine deaminase activity and indometha-
cin 2ugml™!) to inhibit nucleotide release from platelets
(final concentrations). Blood samples were immediately centri-
fuged, deproteinated with 50% trichloroacetic acid, and neu-
tralized with 3.3N potassium hydroxide. Adenosine in blood
samples was converted by use of chloroacetaldehyde into N°-
ethenoadenosine for h.p.l.c. analysis.

After the surgery, 4000 units of heparin were administered
intravenously via the right brachial vein and each animal was
permitted a 1h stabilization period. Then, four control
samples at 0, 15, 30, 60 min before starting haemorrhage were
taken for analysis of adenosine and blood gases. The haemor-
rhage model (Lautt et al., 1980) utilizes a rapid arterial blood
withdrawal (15.3mlmin~!) with the rate held steady by a
Harvard withdrawal-infusion pump. The animal was bled into
a heparinized 60ml syringe until blood pressure reached
50mmHg (1 mmHg = 133.322 Pa), which was designated as
time 0. At that time haemorrhage ceased and the blood pres-
sure was held at ca. 5S0mmHg by withdrawal or infusion of
blood for 120 min. Samples of blood were drawn for analysis
at 5min and then at the end of each 15 min period.

Data are expressed as mean + s.e.mean. Statistical evalu-
ation was performed by blocked ANOVA. Differences were
considered significant at P < 0.05.

Results Systematic  arterial blood  pressure  was
121.3 + 3.4mmHg and during withdrawal of blood the mean
pressure decreased to 51.1 + 0.7mmHg where it was held for
2h by withdrawal or return of blood. Central venous pressure
declined from 4.3 + 0.1 mmHg to 3.2 + 0.2mmHg by 5Smin
and remained at a similar level thereafter. The basal levels of
arterial and venous plasma adenosine were similar (ca. 1 um)
and stable within 1h after surgical preparation (Figure 1). The
concentrations of plasma adenosine in central venous efflux
were significantly increased from 5min to 45min after haem-
orrhage and then declined back to the basal levels (P < 0.05,
Figure l1a). In contrast, plasma adenosine concentrations in
arterial blood were not elevated during the whole haemor-
rhage procedure (Figure 1b). Figure 2 represents blood
volume removed to cause blood pressure to decline to ca.
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Figure 1 Central venous (a) and arterial (b) plasma adenosine con-
centrations [Aden] before (open columns) and after (stippled columns)
haemorrhage. * denotes that the mean of the post-haemorrhage data
is significantly different from the mean of the pooled prehaemorrhage
data (P < 0.05, blocked ANOVA).
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Figure 2 Blood volume removed to maintain blood pressure at the
haemorrhage set point of ca. 50mmHg. The initial rate of bleeding
was 153 mlmin~! until pressure reached the set point whereupon
additional blood was withdrawn or replaced as required. All times are
measured from time 0, i.e., the time at which blood pressure reached
50mmHg.
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50mmHg and be maintained at that pressure. The initial rate
of blood removal was rapid (15.3mimin~') and was main-
tained until pressure reached S0mmHg (6.4 + 1.1 min). The
times referred to throughout are taken from ¢ = 0 at the time
the blood pressure reached the set point. The volume of blood
withdrawn reached a peak of 35.3 + 43mlkg™! at 15min.

Discussion Adenosine is produced and released from a
variety of tissues in response to metabolic stress. A wide range
of effects on blood vessels, metabolism, nerve functions and
hormonal secretion occur in response to local adenosine.
However, it is not clear if adenosine is able to serve a hormon-
al role by attaining sufficiently high circulating levels to cause
systemic effects at sites distant from the sites of production. It
has been suggested that elevated adenosine levels may
suppress catecholamine release (Tung et al., 1987) and lead to
decompensation after prolonged haemorrhage in rabbits. Our
results do not support this conclusion. First, the pattern of
release of adenosine in our results is contradictory to that of
Tung et al. (1987). Tung et al. (1987) found no elevation of
venous adenosine 30min after the onset of haemorrhage and
after 1h the levels were less than 2 uM (control levels 0.7 um);
at the point where 60% of the blood had to be reinfused to
maintain arterial pressure at the set-point (41 mmHg) the
venous adenosine levels were further elevated to 2.4 um. In
contrast, our results showed that the peak time of adenosine
release correlated well with the peak time of blood volume
removed and there was no correlation between adenosine
release and decompensation as reported by Tung et al. (1987).

Regardless of the differences in release pattern and venous
plasma concentration, the possibility of adenosine serving a
role as a circulating vasodilator or autonomic nervous modu-
lator is unlikely. Despite the sharp rise in venous levels, the
adenosine was eliminated from the blood prior to reaching the
arterial side of the circulation. Adenosine is, therefore, not
capable of serving a hormonal-type function of producing
effects at sites removed from the tissues of production. The
possible exceptions would be that even though it was not clear
where the adenosine carried in venous blood came from,
adenosine may modulate functions downstream in the heart
or lungs or in the tissues downstream of the portal circula-
tions of the pituitary, kidney, and liver.

Adenosine appears to contribute to the hypotension seen
during haemorrhage since caffeine in rats (Conlay et al., 1988)
and 8-phenyltheophylline in cats (Lautt & Légaré, 1985)
decreased the hypotensive response. However, the effects are
probably restricted entirely to those tissues that generate the
adenosine since recirculation of adenosine does not occur.
Since such effects are not seen during a major and generalized
stimulus like haemorrhage, it seems unlikely that any other
localized stimuli would lead to elevations in arterial adenosine
levels.
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Identification of inhibitors of nitric oxide synthase that do not
interact with the endothelial cell L-arginine transporter

Richard G. Bogle, *Salvador Moncada, Jeremy D. Pearson & 'Giovanni E. Mann
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The effects of inhibitors of nitric oxide (NO) synthase and other cationic amino acids on unidirectional
L-arginine transport were studied in porcine aortic endothelial cells cultured in microwell plates or
perfused in microcarrier columns. L-Homoarginine, L-lysine and L-ornithine inhibited transport of
L-arginine. The NO synthase inhibitors N°-monomethyl-L-arginine and N°-iminoethyl-L-ornithine also
reduced L-arginine uptake, whereas NC-nitro-L-arginine and its methyl-ester had no inhibitory effect.
The ability to modulate selectively endothelial cell L-arginine transport or NO synthase activity will
allow further characterization of the arginine transporter and its role in regulating NO biosynthesis.
Keywords: Endothelial cells; nitric oxide; L-arginine transport; nitric oxide synthesis inhibitors; system y*; L-homoarginine;
NC¢-monomethyl-L-arginine (L-NMMA); NC-nitro-L-arginine methylester (L-NAME); NC-iminoethyl-L-ornithine

(L-NIO); NOC-nitro-L-arginine (L-NOARG)

Introduction Synthesis of nitric oxide (NO) from L-arginine
has been identified as a widespread mechanism involved in
the regulation of cellular function and communication. Vas-
cular endothelial cells generate NO from L-arginine via a
Ca’*/calmodulin-dependent constitutive enzyme and a cyto-
kine-inducible Ca’*-independent NO synthase not normally
present in endothelial cells (see Moncada ez al., 1991).
Analogues of L-arginine such as N°-monomethyl-L-arginine
(L-NMMA), NS-iminoethyl-L-ornithine (L-NIO), NC-nitro-L-
arginine (L-NOARG) and NC-nitro-L-arginine methylester (L-
NAME) are potent inhibitors of the release of NO from
vascular endothelial cells (Moore er al., 1989; Rees et al.,
1990), but the time course of maximal inhibition by these
analogues and their reversibility by L-arginine appear to
differ.

Endothelial cells take up L-arginine by a saturable trans-
port system y* which is inhibited by L-NMMA and other
cationic amino acids (Mann et al., 1991) and stimulated by
bradykinin (Bogle et al., 1991). In the present study we have
examined the inhibitory potency of other arginine analogues
on L-arginine uptake by porcine aortic endothelial cells.

Methods Porcine aortic endothelial cells were isolated and
cultured in Dulbecco’s modified Eagle’s medium supplement-
ed with penicillin 100 units ml~!, streptomycin 100 pg ml~!,
10% foetal and 10% new born calf serum and L-glutamine
4 mM. When confluent, endothelial cells were either plated
into 96-well plates or transferred onto Biosilon microcarriers
(Nunc, Denmark).

Confluent monolayers in 96-well plates (2 x 10* cells per
well) were rinsed with HEPES-buffered Krebs solution (see
Bogle et al., 1991) and L-arginine uptake was measured
following incubation of monolayers with 50 uM L-[*H}-argin-
ine and D-['*C]-mannitol (an extracellular tracer). Transport
was terminated by washing monolayers 3 times with ice-cold
phosphate-buffered saline and protein was determined with
the BioRad reagent. Monolayers were digested with formic
acid and samples taken for scintillation counting. Recovery
of D-[“C}-mannitol was always <<0.1%. Microcarrier cul-
tures (~5 X 10° cells per column) were perfused at 0.5ml
min~! with HEPES-buffered Krebs solution and cells were
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exposed briefly (150 pl in 30s) to 0.5 uM L-[’H}-arginine and
D-["*C]-mannitol. Fractions of the column effluent were col-
lected sequentially to determine uptake of L-arginine relative
to D-mannitol (Mann et al, 1991). Unlabelled L-arginine
analogues (0.05-5 mM) were added individually to the incu-
bation media or microcarrier column perfusate.

L-[2,3-*H]-arginine and D-[1-"*C]-mannitol were obtained
from NEN (Germany), unlabelled amino acids, L-NAME
and L-NOARG from Sigma and L-NMMA, D-NMMA and
L-NIO from Wellcome, Beckenham, U.K.

Results Uptake of L-arginine by endothelial cell monolayers
was linear for up to 20 min, hence, all measurements were
made after a 15 min incubation period. L-Arginine uptake at
50 uM was 153 £ 27 nmol mg~! protein h~! (mean * s.e.; n=4).
Transport was saturable over the concentration range of
1-100 pM, although at higher concentrations a non-saturable
component became apparent (data not shown). Uptake of
L-arginine (50 uM) was inhibited by L-homoarginine (1 mm;
521 4%; n=3) but not by D-arginine (1 mM) or analogues
selective for amino acid transport systems L (B-2-amino-
bicyclo-[2,2.1]-heptane-2-carboxylic acid), N (6-diazo-5-oxo-
L-norleucine) or A (2-methylaminoisobutyric acid). L-Arginine
uptake was inhibited in a concentration-dependent manner
by L-NMMA or L-NIO (Figure 1a) but was not inhibited by
L-NOARG or L-NAME (Figure 1b). Although L-NOARG
and L-NAME significantly (P <<0.05; unpaired ¢ test) elevat-
ed the uptake of L-arginine, this effect did not appear to be
dose-dependent and may reflect trans-stimulation of arginine
entry (Mann et al., 1991).

The effect of these NO synthase inhibitors on L-arginine
uptake was investigated further in porcine aortic endothelial
cells cultures and perfused on microcarrier beads. Under
these conditions rapid (15s) L-arginine transport was par-
tially saturable (Mann et al., 1991), sodium-independent
(data not shown) and inhibited by 1 mM L-lysine, L-ornithine
or L-homoarginine (Figure 2).Uptake of L-arginine (0.5 um)
was also inhibited by L-NMMA (1 mM; 57 £ 6%) or L-NIO
(1 mM; 41 £ 4%) whereas L-NOARG (1 mM; 8 £2%) and
L-NAME (1 mM; 2 + 3%) were either weak or inactive inhib-
itors (Figure 2). D-NMMA and D-arginine were not inhibitors
of L-arginine uptake (Figure 2).

Discussion Our results demonstrate that L-NOARG and L-
NAME are poor inhibitors of L-arginine transport whereas
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Figure 1 Effects of NO synthase inhibitors on L-arginine transport
in endothelial cell monlayers. Inhibition of 50 um L-[*H]-arginine
uptake by (a) N®-monomethyl-L-arginine (O0) or NC-iminoethyl-L-
ornithine (A), (b) NC-nitro-L-arginine (M) or NC-nitro-L-arginine
methyl ester (A). Values are mean of 15 replicates derived from
three experiments using different batches of endothelial cells; vertical
bar show s.e.

L-NMMA and L-NIO inhibit transport substantially, thus
identifying inhibitors of NO synthase that do not block entry
of L-arginine. Other cationic amino acids including L-lysine,
L-ornithine and L-homoarginine, which do not inhibit the
constitutive form of NO synthase (see Moncada et al., 1991)
also reduced L-arginine transport. The fraction of L-arginine
transport insensitive to inhibition by arginine analogues may
reflect entry via a second carrier with a lower substrate
affinity.

Differences between the pharmacological profiles of NO
synthase inhibitors have been described previously (Rees et
al., 1990), and it is possible that this is due to differences in
the mechanisms by which they enter endothelial cells. In
neutrophils and J774 cells inhibition of NO synthase has
been shown to occur more rapidly with L-NIO than L-
NMMA, and the effects of L-NIO were prevented following
concomitant incubation with L-arginine (McCall et al., 1991).
This latter study also suggested that uptake of different
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Figure 2 Effects of NO synthase inhibitors and other arginine ana-
logues on rapid L-arginine transport in perfused endothelial cell
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arginine analogues may be mediated by different transport
systems. Our findings are consistent with this idea, since the
analogues that inhibited L-arginine transport did so rever-
sibly and are most likely to compete with L-arginine for entry
via the y* transporter.

The lack of effect of L-NOARG and L-NAME as inhibi-
tors of endothelial cell L-arginine transport suggests that
these compounds do not enter the cell via system y*.
Diffusion may account for the uptake of the lipophilic mole-
cule L-NAME, however such a mechanism is unlikely to
account for the entry of L-NOARG. The pathways by which
these analogues are transported into endothelial cells can
only be further elucidated by studies using radiolabelled L-
arginine analogues.

It is likely that the major proportion of endotheial NO
synthase activity is particulate (Forstermann et al., 1991) and
may be localised close to or at the plasma membrane (Boje &
Fung, 1990). Close coupling between the L-arginine trans-
porter and NO synthase could account for the regulation of
NO release as well as for the ability of circulating L-arginine
to reverse the inhibition of NO synthase by L-NMMA. Our
results offer the potential to modulate L-arginine transport or
NO synthase activity selectively. Recent cloning of NO syn-
thase (Bredt er al., 1991) and system y* (Kim ez al., 1991;
Wang et al., 1991) will allow application of immunocyto-
chemical techniques to co-localise NO synthase and system
y* in normal and diseased vascular endothelium.
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A specific B,-bradykinin receptor antagonist HOE 140
abolishes the antihypertrophic effect of ramipril

'Wolfgang Linz & Bernward A. Scholkens

Department of Pharmacology, Hoechst AG, D-6230 Frankfurt/Main, Germany

To evaluate the role of bradykinin in the antihypertrophic effect of the angiotensin-converting enzyme
(ACE) inhibitor, ramipril, we investigated the influence of HOE 140, a specific B,-receptor antagonist,
on the effects of ramipril on left ventricular hypertrophy (LVH) in rats with aortic banding. Ramipril at
a dose of 1 mgkg~'day~! for 6 weeks prevented the increase in blood pressure and development of
LVH after aortic banding; plasma ACE activity was significantly inhibited. A lower dose of ramipril
(10 pgkg~' day~! for 6 weeks) had no effect on the increase in blood pressure or on plasma ACE
activity, but prevented LVH after aortic banding. The antihypertrophic effects of the higher and the
lower dose ramipril, as well as the antihypertensive action of the higher dose of ramipril were abolished
by the coadministration of HOE 140 (500 pg kg~! day~'). The present data show for the first time that
the beneficial effects of an ACE-inhibitor on LVH in rats with hypertension caused by aortic banding
can be prevented by a specific B,-receptor antagonist.

Keywords: Left ventricular hypertrophy; angiotensin converting enzyme inhibition; ramipril; bradykinin; HOE 140

Introduction The renin angiotensin system (RAS) has been
implicated in the development and maintenance of hyperten-
sion and cardiac hypertrophy (Schelling et al., 1991). In the
coarctation model of hypertension angiotensin-converting
enzyme (ACE) inhibitors have been shown to inhibit the
development, and to induce regression, of cardiac hyper-
trophy in doses without effects on blood pressure (Linz et al.,
1989). Some findings indicate that ACE inhibitors suppress
the cardiac hypertrophic response by reducing the formation
of angiotensin II (AII), which stimulates hypertrophy and
matrix protein synthesis (Schelling ez al., 1991). However,
since inhibition of ACE, besides reducing AIl, also increases
bradykinin levels, it is conceivable that bradykinin, through
the subsequent generation of nitric oxide (NO) (Wiemer et
al., 1991), also contributes to the prevention of the hyper-
trophic response by ACE inhibitors.

In the present study we investigated the influence of HOE
140 (D-Arg-[Hyp®, Thi’, D-Tic’, Oic®] bradykinin), a specific
B,-receptor antagonist (Wirth ez al., 1991) on the anti-
hypertrophic effect of ramipril in LVH in rats made hyper-
tensive by aortic banding.

Methods Male Sprague Dawley rats weighing 280-300 g
(Mollegaard, Skensved, Denmark) were fasted for 12h
before surgery. Anaesthesia was induced by i.p. injection of
200 mgkg~! hexobarbitone (Evipan). The abdomen was
opened by a cut parallel to the linea alba. The abdominal
aorta was exposed above the left renal artery and a silk
thread was passed under it. A cannula no.1 (0.9 X 40 mm)
was placed longitudinally on the aorta and both aorta and
cannula were tied. The cannula was then removed, leaving an
aortic lumen determined by the diameter of the cannula.
Before the abdomen was closed with catgut, the animals
received 5.5mg rolitetracycline (Reverin, Hoechst AG,
Frankfurt, Germany). The skin was closed by clipping and
covered with tar spray. Control animals were subjected to the
same procedure, but without aortic banding.

During the first 5 days following the operation the animals
received tetracycline (1 g 350 ml~!) in the drinking water. The
animals were allotted to 6 groups of 20 rats each as follows:
Group I, sham-operated; Group II, aortic banding without

! Author for correspondence.

treatment; Group III, aortic banding, and ramipril treatment
with 1 mgkg~!day~'; Group IV, aortic banding, ramipril
treatment with 1 mgkg='day~! and HOE 140 500 pg kg~!
day~!; Group V, aortic banding, and ramipril treatment with
10 pg kg~' day~!; Group VI, aortic banding, ramipril treat-
ment with 10pugkg='day-!, and HOE 140 500 ugkg-!
day~'. Ramipril treatment started the day after the operation
and continued for 6 weeks via the drinking water. At the end
of the operation miniosmotic pumps were implanted sub-
cutaneously in the neck of the animals to deliver HOE 140.
At the end of the experiment (after 6 weeks), the animals
were anaesthetized with 200 mg kg~! i.p. hexobarbitone and
blood pressure was measured via catheters in the left carotid
artery. The hearts were excised, cleaned of blood with saline,
gently blotted to dryness, and left ventricular weight (LVW)
including the septum as well as the remaining cardiac tissue
representing the right ventricle (RVW) were determined (to
the nearest 0.1 mg). Weights are given per 100 g body weight.
Plasma ACE activity was determined radioenzymatically by
use of [*H}-Hip-Gly-Gly as substrate. Ramipril and HOE 140
were dissolved in saline.

Statistical analysis was performed with ANOVA followed
by the Bonferroni test when appropriate. Differences were
considered significant if P<<0.05. Results are given as
mean £ s.d.

Results The higher dose of ramipril (1 mg kg~' day~!) pre-
vented the increase in blood pressure after aortic banding as
well as the development of LVH (Figure la,b). Plasma ACE
activity was significantly inhibited (Table 1). The lower dose
of the ACE inhibitor (10 pgkg='day~') after six weeks
neither prevented the increase in blood pressure nor lowered
plasma ACE activity, but it prevented the development of
LVH (Figure la,b; Table 1).

The antihypertrophic effects of the higher and lower dose
of ramipril and the antihypertensive action of the higher dose
of ramipril were both abolished by the coadministration of
HOE 140 (Figure 1a,b). Plasma ACE activity was not chang-
ed by HOE 140 treatment (Table 1). Right ventricular weight
(46—51 mg per 100 g body weight) and body weight (between
468 * 8 and 475t 9) did not differ between groups.

Discussion The present data show for the first time that the
beneficial effects of an ACE inhibitor on LVH in rats with
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Figure 1 Effects of orally administered ramipril (1 mgkg~'day!
and 10pgkg~'day~!), and coadministration of HOE 140 (500 ug
kg~'day~! s.c.) on (a) mean blood pressure (MBP) and (b) left
ventricular weight (LVW) in rats with aortic banding:( ll ) Sham;
(A ) control vehicle; (BB ) ramipril 1 mgkg~!; (EE) ramipril
1 mg+HOE 140; ([ ) ramipril 10 pg kg~'; (ES) ramipril 10 pg+
HOE 140. *P<0.05 vs sham, ¥P<0.05 vs control.

hypertension caused by aortic banding can be prevented by a
specific B,-receptor antagonist. At the end of the study the
blood pressure lowering effect in the group treated with the

higher dose of ramipril was abolished by HOE 140, as
observed for the acute antihypertensive actions of ramipril
and their reversal by a B,-receptor antagonist (Danckwardt
et al., 1990). However, under both treatment regimens, in the
present study with and without blood pressure reduction, the
antihypertrophic effect of ramipril was abolished by HOE
140. This observation provides evidence for a possible
involvement of bradykinin in the antihypertrophic effect of
ramipril in LVH.

Both ramiprilat and bradykinin have been shown to inc-
rease nitric oxide and prostacyclin release in cultured
endothelial cells (Wiemer et al., 1991). Nitric oxide and nitric
oxide-generating vasodilators have been demonstrated to be
antimitogenic (Garg & Hassid, 1989). Similar effects are
known for prostacyclin and adenosine 3':5'-cyclic monophos-
phate (cyclic AMP) (Shirotani et al., 1991). Thus, both nitric
oxide and prostacyclin when increased by BK following ACE
inhibition may participate in the beneficial effects of ACE
inhibitors.

On the other hand AII has been claimed to be a myocar-
dial growth factor (Schelling et al., 1991). However, the
specific blockade of AIl AT,-receptors, seems to be less
effective in this respect than ACE inhibition. In a recent
study in the same experimental model, the AIl AT,-receptor
antagonist, DuP 753 (Losartan), given at a high dose that
lowered blood pressure, was less effective on cardiac hyper-
trophy than ramipril at a low dose which did not lower
blood pressure (Linz ez al., 1991).

In summary our data in rats with aortic banding and left
ventricular hypertrophy provide evidence that the ACE
inhibitor-induced potentiation of bradykinin contributes to
the beneficial effects of ACE inhibitors.

Table 1 Effects of orally administered ramipril and subcutaneous coadministration of HOE 140 on plasma angiotensin converting

enzyme (ACE) activity

Ramipril

Sham  Control (1 mg)

Plasma-ACE activity 224+0 219t9 61t 6*#

Ramipril

Rami (1mg)+ HOE 140 (10 pg) Rami (10 pg) + HOE 140

8L 6*# 2177 222+38

P<0.65; *, vs Sham; #, vs control; plasma ACE activity: (nmol min~' ml-!). Sham: sham-operated animals; Control: untreated
controls with aortic banding; Ramipril 1 mg: ramipril 1 mgkg~'day~'; Rampril 10 pg: ramipril 10 pugkg='day-'; HOE 140:

B,-receptor antagonist (500 ug kg~! day~!).
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Human big-endothelin-1 and endothelin-1 release prostacyclin
via the activation of ET, receptors in the rat perfused lung
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Although ET, and ET, binding sites were found in rat lung membranes, a selective ET, receptor
antagonist, BQ-123 (10 pum), did not displace ['*I]-endothelin-1 (['*I]JET-1) from ET, sites, illustrating
the selectivity of the angatonist for ET, receptors. In rat perfused lungs, BQ-123 (1 pM) markedly
reduced the prostacyclin (PGI,) releasing properties of endothelin-1 (ET-1: 5 nM) and human big-ET-1
(100 nM) suggesting that both peptides induce the release of PGI, via the selective activation of ET,

receptors.

Keywords: Endothelin-1; human big-endothelin-1; antagonist; ET, receptors; prostacyclin; rat perfused lungs; ET, and ET,

binding sites

Introduction The cloning and biochemical characterization
of two distinct receptor subtypes for endothelins, namely ET,
(ET-A, Arai et al,, 1990) and ET, (ET-B, Sakurai et al.,
1990) have prompted the development of selective antagonists
which are critical for the understanding of the pharma-
cological properties of the endothelins in vivo and in vitro.

Ihara et al. (1992) have reported a novel, selective ET,
receptor antagonist, BQ-123 (cyclo[D-Asp-L-Pro-D-Val-L-Leu-
D-Trp]), which is a potent antagonist of endothelin-1 (ET-1)-
induced hypertension in conscious rats and a competitive and
specific antagonist of ET-1-induced contraction of porcine
coronary arteries. Yet in conscious rats, BQ-123 did not
affect the initial hypotension caused by an intravenous
administration of ET-1, which has been suggested to be
mediated by ET, receptors.

Endothelin-induced vasoconstriction has been associated
with activation of ET, receptors and the release of the
endothelium-derived relaxing factor with activation of ET,
receptors (Webb, 1991; Ihara et al., 1992); the receptors
mediating the endothelin-induced release of prostacyclin
(PGIL,) remain to be identified.

The present study was attempted to identify the receptors
responsible for the ET-1 and big-ET-1-induced release of
PGI, from the rat perfused lung (de Nucci er al., 1988;
D’Orléans-Juste ez al., 1991). Furthermore, the selectivity of
BQ-123 for ET, receptors was investigated by binding studies
in rat lung membranes.

Methods Male rats (Wistar, 250—400 g) were anaesthetized
with urethane (0.75 mg kg, i.p.) and their spinal cord sec-
tioned. Following thoracotomy, the pulmonary artery was
cannulated, the lungs suspended in a heated chamber (37°C)
and perfused (5 ml min~!) with an oxygenated (95% O,, 5%
CO,) Krebs solution (concentrations in mM: NaCl117.5,
KCl14.7, KH,PO,1.2, CaCl,2.5, MgSO, 1.2, NaHCO, 25
and glucose 5.5). They were left to stabilize for 60 min before
ET-1 (5 nM) or big-ET-1 (100 nM) were infused (0.1 ml min~!
for 3 min). Subsequently, BQ-123 (1 uM) was infused through
the lung 15 min prior to, and during a second challenge with
ET-1 or big-ET-1. The effluent from the lungs was collected
(1 min samples) before, during and after infusion of the
various peptides. The samples were stored (— 20°C) until the
concentration of the stable, hydrolytic metabolite of prosta-

'Author for correspondence.

cyclin, 6-keto-PGF,,, was determined by radioimmunoassay
(Salmon, 1978).

For the binding studies, the lung membranes were pre-
pared as previously described (Ihara er al., 1991). Non-
specific binding was defined by adding 200 nM ET-1 to the
assay mixture and was estimated at 5.3% of the total specific
binding.

Synthetic big-ET-1, ET-1 and endothelin-3 (ET-3) were
purchased from Peptide Institute Inc. (Osaka, Japan). The
antagonist, BQ-123 was synthesized at Banyu Pharmaceutical
(Tokyo, Japan). Urethane (ethylcarbamate) was purchased
fom M.C.B. Manufacturing Chemist Inc. (Cincinatti,
U.S.A.). Phosphate buffered saline (PBS, pH 7.4), 6-keto-
PGF,, and 6-keto-PGF,,-antiserum were purchased from
Sigma (St-Louis, U.S.A.). The 6-keto-PGF,, antiserum did
not cross-react with ET-1, big-ET-1 or BQ-123. The tracers,
[H]-6-keto-PGF,, and ['®I-ET-1 were purchased from
Amersham (Oakville, Canada). Agents were dissolved either
in saline or PBS.

Data used in the text and figures are expressed as means *
s.e. mean of n observations. Statistical comparisons between
groups were made by paired Student’s 7 test. P values of
<0.05 were considered to be statistically significant.

Results The basal release of PGI, from the rat lungs was
1.1 £0.2ngml"' (n = 15). Infusion of ET-1 (5 nM) or big-ET-
1 (100 nM) for 3 min increased the release of PGI, to a maxi-
mum of 6.6+ 1.6 or 7.8 £ 1.8 ng ml~! respectively (n =6-9,
P <0.01). BQ-123 at 1 uM did not affect the basal release of
PGI, (Figure la and b) but abolished the release of PGI,
induced by ET-1 (Figure la), and significantly reduced the
release induced by big-ET-1 (maximum release in presence of
BQ-123: 2.8 £ 09ngml~!, n =6, P <0.01) (Figure 1b). The
release of PGI, induced by ET-1 or big-ET-1 was restored
60 min after the cessation of the BQ-123 infusion (Figure la
and b).

In control experiments, two successive infusions (with a time
interval of 60 min) of ET-1 (5nM) or big-ET-1 (100 nM)
induced the release of equivalent amounts of PGI, (maximum
release of PGI,; ET-1; 9.3+ 2.1 and 84+ 29ngml-!, n =4,
big-ET-1: 10.1 £2.8 and 11.5+ 1.3ngml~!, n =4).

In rat lung membranes, ET-1, ET-3 and BQ-123 inhibited
[**I]-ET-1 binding with ICs, values of 0.19 + 0.01, 4.47 £ 0.48
and 15.7 £ 1.2 nM; respectively. High affinity binding sites for
BQ-123 were estimated at 60% of the total specific ['*I}-ET-1
binding (Figure 2a). In the presence of 10 uM BQ-123, to block
the high affinity sites, ['*’I]-ET-1 binding to the residual sites
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Figure 1 Effect of a selective ET, receptor antagonist, BQ-123, on the endothelin-1 (ET-1) or big-ET-1-induced release of
prostacyclin (PGI,, measured as 6-keto-PGF,,) from the rat perfused lung. (a) Effect of ET-1 (hatched columns) (5 nMm) infused for
3 min through the lung circulation (t.1.) in the absence or in the presence of BQ-123 (1 uMm, t.l, for 15 min prior to the second
administration of ET-1). (b) Effect of big-ET-1 (open columns) (100 nm) infused for 3 min in the lung circulation (t.l.) in the
absence or in the presence of BQ-123 (1 puM, t.l., for 15min prior to the second administration of big-ET-1). Sixty (60) min
following the interruption of the infusion of BQ-123, the release of PGI,, induced by a third infusion of ET-1 (5 nM) or big-ET-1
(100 nM), was restored (right panels, a and b). C = basal levels of PGI, measured prior to the administration of ET-1 or big-ET-1.

Each result is the mean (% s.e.mean shown by vertical lines) of at least 6 determinations.

(40%) was inhibited equipotently both by ET-1 and ET-3 (ICs,
values: ET-1: 0.14 £0.01 nm; ET-3: 0.12 £ 0.01 nM) (Figure
2b).

Discussion The selective ET, receptor antagonist, BQ-123,
was used to assess the role of ET, receptors in the ET-1 and
big-ET-1-induced release of prostacyclin from the rat perfused
lung and in the identification of both ET, and ET, binding
sites in the rat lung membranes. In absence of BQ-123, ET-1
was 25 times more potent thatn ET-3 in displacing ['*I}-ET-1
binding, which reflects the order of potency of the endothelin
isomers on ET, receptors, where ET-1 is more potent than
ET-3 (Arai et al., 1990). The ET, receptor antagonist, BQ-123,
induced a concentration-dependent inhibition of ['*I}-ET-1
binding. The high affinity sites for BQ-123 were 60% of the
total specific ["*’I]-ET-1 binding sites, and in the presence of
BQ-123 (10 uM), the binding of ['*I}ET-1 to the remaining
40% binding sites was inhibited equipotently by ET-1 or ET-3,
suggesting the displacement of the tracer from non-selective
receptors for endothelins (ET, receptor; Sakurai ez al., 1990)
and illustrating that BQ-123 (10 uM) did not affect ET, binding
sites.

In contrast, a lower concentration of BQ-123 markedly
reduced the ET-1 and big-ET-1-induced release of prostacyclin
supporting our hypothesis, that both peptides enhance the
release of prostanoid via the selective activation of ET, recep-
tors in the rat perfused lung. The exact location of these
receptors remains to be determined. In addition, it is probable
that the activation of ET, receptors by big-ET-1 follows con-
version to ET-1 via a phosphoramidon-sensitive endothelin
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Figure 2 Inhibition of ['**I]-endothelin-1 (['*I]JET-1) binding to rat
lung membranes by ET-1 (W), ET-3 (O) and BQ-123 (@) (a) and by
ET-1 (B) and ET-3 (O) in the presence of 10 uM BQ-123 (b). Each
value represents the mean of at least three experiments; vertical bars
shown s.e.mean.
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converting enzyme (ECE, Fukuroda et al., 1990) that we
have recently identified in the rat pulmonary vasculature
(D’Orléans-Juste et al., 1991).

The use of selective analogues such as BQ-123 will further
our understanding of the receptors involved in the phar-
macological effects of endothelins in vivo and in vitro.
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Role of nitric oxide in non-adrenergic, non-cholinergic
inhibitory junction potentials in canine ileocolonic sphincter
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1 Electrical field stimulation causes neurally-mediated relaxation of the ileocolonic sphincter that is due
to activation of non-adrenergic and non-cholinergic (NANC) nerves. Recent studies have suggested that
nitric oxide (NO) is the neurotransmitter that mediates relaxation.

2 Using intracellular recording techniques, we have tested whether NANC inhibitory junction potentials
(ij.ps) in the canine ileocolonic sphincter are also mediated by NO.

3 Electrical field stimulation elicited excitatory and inhibitory junction potentials: e.j.ps were blocked by
atropine (10~ ¢M) and tetrodotoxin (TTX; 10~ °M); i.j.ps were also blocked by TTX and partially blocked
by apamin (10~ m). Lj.ps were unaffected by atropine, phentolamine and propranolol (all at 10~ ° m).

4 The arginine analogues, L-N-nitroarginine methyl ester (L-NAME) and NS-monomethyl-L-arginine
(L-NMMA), decreased the amplitude of ij.ps and L-arginine, but not D-arginine, partially restored the
ij.ps.

5 1,j.ps were also inhibited by oxyhaemoglobin (1%), but not by methaemoglobin.

6 Exogenous NO (10~ 7M™ to 3 x 10~ 5m) caused concentration-dependent hyperpolarizations that were
similar in amplitude to the NANC nerve-evoked i.j.ps. Hyperpolarizations to NO were unaffected by
L-NAME, but were blocked by oxyhaemoglobin.

7 Tetrodotoxin, L-NAME and oxyhaemoglobin all caused depolarization of resting membrane potential.
8 The specific guanosine 3':5'-cyclic monophosphate phosphodiesterase inhibitor, M&B 22948, caused
hyperpolarization, increased the maximum level of hyperpolarization reached during ij.ps, and increased
the duration of ij.ps.

9 These data further support the hypothesis that NANC neurotransmission in the ileocolonic sphincter
is mediated by NO or an NO-releasing compound. The data also suggest that tonic release of NO,
possibly from spontaneous firing of NANC nerves, may regulate resting membrane potential and tone in

this sphincter.

Keywords: Non-adrenergic, non-cholinergic nerves; gastrointestinal motility; inhibitory junction potential

Introduction

Recent evidence has suggested that nitric oxide (NO) or a
NO-releasing substance, may be the transmitter that mediates
NANC inhibitory neurotransmission in the gut (Toda et al.,
1990; Bult et al., 1990; Dalziel et al., 1991). Early support for
this hypothesis came from a series of mechanical studies in
which strips of muscle from the canine ileocolonic sphincter
relaxed in response to electrical field stimulation of NANC
nerves (Boeckxstaens et al., 1990a,c). These responses were
blocked by arginine analogues that are known to inhibit spe-
cifically nitric oxide synthase (Palmer et al., 1987; see also
Figure 5 in Moncada er al., 1991), the enzyme responsible for
producing NO from L-arginine. The inhibition by arginine
analogues was reversed by L-arginine, but not by D-arginine.
Inhibitory responses were mimicked by exogenous NO, and
responses to NANC nerve stimulation and exogenous NO
were blocked by oxyhaemoglobin, which is known to be a
scavenger of extracellular NO (Martin et al., 1985). Investiga-
tions into the chemical identity of the substance that conveys
the NANC inhibitory signal showed that field stimulation rel-
eased a substance that behaved in a manner very similar to
authentic NO in bioassay cascades (Boeckxstaens et al., 1991).
Taken together, these data suggest that NO may be a NANC
inhibitory transmitter in the canine ileocolonic sphincter, and
this work has stimulated many other investigations of this
hypothesis. Recent studies of gastrointestinal (GI) muscles
from nearly all levels of the GI tract and from several species
have provided strong support for the notion that NO is the
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primary inhibitory neurotransmitter in the gut (Toda et al,
1990; Bult et al., 1990; Dalziel et al., 1991; Thornbury et al.,
1991; Tottrup et al., 1991).

Although NANC inhibitory nerves ultimately mediate
relaxation in GI muscles, an important step in neuro-
transmission is the hyperpolarization response in post-
junctional, smooth muscle membranes. Hyperpolarization,
which inhibits electrical rhythmicity and decreases the open
probability of voltage-dependent Ca2* channels (Smith et al.,
1989; Langton et al., 1989) is thought to be mediated by a
transient increase in K* conductance (Tomita, 1972). We
tested the hypothesis that inhibitory junction potentials in the
ileocolonic sphincter are mediated by NO, or an NO-releasing
compound, by examining the following: (i) the effects of NO
synthase inhibitors on NANC inhibitory junction potentials,
(i) the effect of authentic NO on membrane potential, (iii) the
effects of NO scavengers on NANC ij.ps and exogenous NO,
(iv) and in an attempt to try and explain the mechanism
involved in NANC i.j.ps, we have examined the effect of the
guanosine 3':5'-cyclic monophosphate (cyclic GMP) phospho-
diesterase inhibitor M&B 22948 on the NANC ij.p.

Methods

Mongrel dogs of either sex were anaesthetized with sodium
pentobarbitone (45 mgkg~!). The abdomen was opened and a
segment of bowel (8 cm) from the distal ileum to the proximal
colon was removed. This segment contained the ileocolonic
sphincter. The fascia attaching the caecum to the ileum was
cut and the caecum was removed. The ileocolonic sphincter
region was bisected by a longitudinal cut from small bowel to
colon and the luminal contents were removed by washing



with Krebs-bicarbonate solution. The resulting sheet was
pinned-out with the mucosal side up in a dish of oxygenated
Krebs-bicarbonate solution. The ring of circular muscle iden-
tified as the ileocolonic sphincter was very prominent (Figure
1). Preparations for intracellular recording were made by
cutting muscle strips 1-2mm wide and 2-3 cm long in planes
transverse and parallel to the sphincter. The mucosal layers
were dissected away from the underlying smooth muscle.
Muscle strips were placed between two parallel platinum elec-
trodes in a 2ml electrophysiological recording chamber and
pinned to the Sylgard floor (Dalziel et al., 1991). The muscles
were allowed to equilibrate for approximately 1 h before intra-
cellular experiments were performed. Throughout experi-
ments, preparations were maintained at 37.5 + 0.5°C by
constant perfusion with pre-warmed, pre-oxygenated Krebs-
bicarbonate solution having the following composition (mm):
Na‘* 1374,K™* 59, Ca?* 2.5, Mg?* 1.2, C1~ 134, HCO; 15.5,
H,PO; 1.2, dextrose 11.5. Equilibration of the solution with
97% 0,:3% CO, achieved a final pH of 7.3 to 7.4.

Cells near the submucosal surface of the sphincteric ring
were impaled with glass microelectrodes filled with 3m KCl
and having resistances ranging from 30 to 50 MQ. Trans-
membrane potentials was measured with a standard electrom-
eter (WPI M-7000), and outputs were displayed on an
oscilloscope (Tektronix 5111). Electrical signals were recorded
on magnetic tape (Hewlett-Packard 3964A) and by a chart
recorder (Gould 2200). The preparations were electrically field
stimulated with an electronic stimulator (Grass S44) and a
stimulus isolation unit hooked to the platinum electrodes.
Lj.ps were elicited by trains of 3 square wave pulses (0.5ms
duration, supramaximal voltage, 20 Hz). These short trains
were delivered every 10-20s throughout the experimental
period.

Solution and drugs

L-NC-nitroarginine, methylester (L-NAME), N¢-monomethyl-
L-arginine (L-NMMA), L-arginine, D-arginine, and propran-
olol (all Sigma) were used as hydrochloride salts. The sulphate
salt of atropine (Sigma), and the mesylate salt of phentolamine
(Ciba Geigy) were used. Drugs were dissolved in distilled
water as stock solutions of 10~! or 10™2m and further serial
dilutions were made in Krebs-bicarbonate solution as
required. M&B 22948 (Zaprinast), a gift from Rhone-Poulenc
Rorer, was dissolved in 0.1 M NaOH (10~ ! M) and diluted to
the final desired concentration in Krebs-bicarbonate solution
as required. Drugs were introduced to a 20ml side reservoir
from which the bath was perfused at a rate of 5mlmin~1. The
lag time for perfusion of the recording chamber from the
reservoir was 1-2s.

NO stock solution was prepared by bubbling ice-cold,
deoxygenated (sonication under vacuum followed by purging
with pure nitrogen gas) distilled water with NO gas (99%
pure) to give a saturated solution (1-1.5mmM; Ignarro et al.,

Figure 1 Canine ileocolonic sphincter. In the dog a pronounced ring
of muscle, the ileocolonic sphincter (ICS) lies at the junction between
the terminal ileum (I) and proximal colon (PC). The caecum (C) lies
below this region. Muscle cells within the sphincteric ring of circular
muscle were impaled for electrophysiological studies.

NITRIC OXIDE AND NANC INHIBITORY EFFECTS 777

1987). NO was diluted in Krebs-bicarbonate solution to the
desired concentration immediately before exposing the
muscles to this solution. Oxyhaemoglobin was prepared as a
haemolysate of canine blood according to the method of
Bowman & Gillespie (1982) with the exception that red cells
were lysed by 1:1 addition of distilled water. Methaemoglobin
was prepared in a similar manner, but potassium ferricyanide
was used to convert oxyhaemoglobin to methaemoglobin
prior to dialysis (Thornbury et al., 1991).

Data are expressed as mean + s.e. and paired or unpaired
Student’s ¢ tests were used for determination of statistical sig-
nificance where appropriate; n values refer to number of
muscles used in each experiment.

Results

Circular muscle cells in the ileocolonic sphincter had average
resting membrane potentials of —55 + 2mV and either dis-
played small spontaneous oscillations in membrane potential
(55%) or were electrically quiescent (n = 30). Electrical field
stimulation produced a transient depolarization followed by a
more sustained hyperpolarization (Figure 2). The depolar-
ization was identified as a cholinergically-mediated excitatory
junction potential (e,j.p.) because it was blocked by atropine
(10~ ®M). The hyperpolarization response persisted in the pre-
sence of atropine, phentolamine and propranolol (all at
10~ ®m). These non-adrenergic and non-cholinergic (NANC)
responses were identified as inhibitory junction potentials
(ij.ps) elicited by intramural nerves because they were reduced
or abolished by tetrodotoxin (10~ M; Figure 3). In 50% of the
preparations i;j.ps consisted of two components: an initial fast
hyperpolarization phase which partially recovered within 8s
followed by a sustained hyperpolarization phase that persisted
for about 20s. In the remainder of the preparations the initial
fast phase could not be distinguished from the sustained com-
ponent. Lj.ps averaged 15 + 1 mV in amplitude and 15 + 0.9s
in duration (4.6 + 0.4s in duration at half maximal amplitude;
n = 30 muscles from 12 dogs).

Lj.ps could be recorded from muscles for up to 8h under
control conditions. Throughout the period of a single cell
impalement the amplitude of the ij.p. remained stable under
control conditions. The duration of impalements varied con-
siderably but recordings were maintained for up to 3 h.

Others have shown that an extract from bee venom,
apamin, inhibits ij.ps and neurally-mediated mechanical
relaxations (Banks et al., 1979; Shuba & Vladimirova, 1980).
Apamin has been shown to block small conductance, Ca%*-
activated K channels in a variety of preparations (cf. Capoid
& Ogden, 1989). There appears to be apamin-sensitive and
insensitive components to the NANC inhibitory response in
GI muscles (Costa et al., 1986). We tested the effects of apamin

EFS (3 puises, 0.5 ms, 20 Hz)

=42 mV

- [=65mV

10s —
Figure 2 Responses to electrical field stimulation (stimulus applied
at arrow) were characterized by an initial depolarization (ej.p.), fol-
lowed by a more sustained hyperpolarization response (ij.p.). 1j.ps
were non-adrenergic and non-cholinergic (NANC) responses. In many
muscles membrane potential spontaneously oscillated (see irregular
baseline before and after response to electrical field stimulation)
during the course of experiments.
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Figure 3 Effects of tetrodotoxin (TTX; 10~ ®M) on ij.ps. Top trace shows time-course of resporse to TTX. Lj.ps were elicted every
20s. TTX reduced amplitude of i.j.ps. Lj.ps during control (a) and at maximal effect of TTX (b) are shown at expanded time scale in

bottom panels.

on ij.ps in the ileocolonic sphincter. Apamin (10~ 6 M) reduced
the amplitude of the fast hyperpolarization phase from an
average of 21 + 3mV to 14 + 1.5mV (n =4, P < 0.05), but
did not affect the duration or the slow component of the ij.p.
(Figure 4). These data suggest that different mechanisms,
perhaps different K channels, mediate the slow and fast com-
ponents of the ij.p.

Nitric oxide (NO) is produced from rL-arginine by the
enzyme nitric oxide synthase (cf. Moncada et al., 1991). NO
synthesis is stereospecific and can be competitively inhibited
by the L-arginine analogues, L-NAME and L-NMMA. Expo-
sure of ileocolonic muscle strips to L-NAME (10~ M) caused
a depolarization in resting membrane potential (from
—54 +3mV to —47 + 1mV) and decreased the amplitudes

KRB
e e S U U —44mv
— e —_— By — o
; i . [—72 mv
Apamin (1078 m) 42 mV
i =61 mV
30s

Figure 4 Effects of apamin (10~°M) on ij.ps. Top trace shows repeti-
tive i,j.ps recorded in Krebs-bicarbonate solution. Bottom trace shows
i.j.ps after exposure to apamin for 15min. Apamin reduced amplitude
of fast phase of ij.p., but did not affect slow phase and duration of

ij.ps.

a L-NAME (1074 m)

—-48 mV

A ww

-63 mV

of ij.ps (from 14+ 1mV to 5+ 1mV; n=10, P <0.001
respectively). In muscles with 2 phase i,j.ps, both phases were
inhibited by L-NAME. Figure 5 shows an example of the
effects of L-NAME (10~ * M) on resting potential and ij.ps. The
average time for L-NAME to produce a maximal reduction in
the amplitude of the ij.p. was 19.5 + 1 min. The effects of
L-NAME were fully reversible upon washout. L-NMMA
(10"*m) also reduced the ij.p. amplitude from 16 + 1mV to
6+ 15mV (n=6) and was also fully reversible upon
washout.

The inhibitory action of L-arginine analogues on NANC
nerve-induced relaxations of the canine ileocolonic sphincter
have been shown to be reversed by L-arginine, but not by the
stereoisomer D-arginine (Boeckxstaens et al., 1990a). We tested
whether ij.ps inhibited by L-NAME could be restored by L-
arginine, but not by D-arginine. Muscles were exposed to
L-NAME (10*M) for 15min. Then L-arginine (1 mMm) was
added to the perfusion solution. L-Arginine partially reversed
the inhibition of ij.ps caused by L-NAME (Figure 6). In these
experiments the average ij.p. amplitude before the addition of
L-NAME was 14mV + 1.8mV (n = 5), L-NAME reduced the
average ij.p. to 5SmV + 1.2mV, and L-arginine reversed the
L-NAME effect from 5mV + 12mV to 84mV + 1.0mV
(P < 0.01). Restoration of ij.ps in the presence of L-NAME
was stereospecific, addition of D-arginine did not restore i,.ps
inhibited by L-NAME (n = 6; Figure 7).

Oxyhaemoglobin (1%), which has been previously shown to
scavenge NO (Martin et al., 1985), significantly reduced the
amplitude of the NANC nerve-induced ij.ps from an average
of 16mV +4mV to4mV + 2mV (n = 5, P < 0.05; see Figure

—63 mV

b L-NAME (1074 m)

apapp oAt iy 39 MV

30s

Figure 5 Effect of L-NC-nitroarginine methyl ester (L-NAME) on ij.ps. L-NAME (10~ * M) was added at arrow. This caused depolar-
ization of membrane potential and a reduction in the amplitude of ij.ps. Top panel shows time-course of effects. Bottom panels show
i.j.ps before L-NAME (a) and at maximal effect of L-NAME. Similar effects occurred in response to N®-monomethyl L-arginine (data

not shown).
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Figure 6 Inhibitory effects of L-NS-nitroarginine methyl ester (L-
NAME) on ij.ps were reversed by L-arginine: (a) repetitive ij.ps elic-
ited in control conditions; (b) reduction in ij.ps in the presence of
L-NAME (10*M); (c) partial restoration of ij.ps by addition of L-
arginine (L-Arg, 1 mm)

8). This effect took an average of 13 + 2min to fully develop.
Methaemoglobin (1%) did not affect ij.ps.

Arginine analogues and oxyhaemoglobin reduced the
amplitude of ij.ps, but these agents did not abolish these
events. This may have been due to: (i) the concentration of
oxyhaemoglobin and arginine analogues used may have been
insufficient to inhibit totally NO synthesis or sequester all NO
released, or (ii) another substance, perhaps co-released with

a KRB
—48
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¢ .-NAME (10™% m, 40 min) o-Arg (10~ 2 m, 20 min) a1
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Figure 7 Ljps inhibited by L-NC-nitroarginine methyl ester (L-
NAME) were not restored by D-arginine; (a) repetitive i.j.ps elicited in
control conditions; (b) reduction in ij.ps in the presence of L-NAME
(10~*M); (c) failure to restore ij.ps by addition of p-arginine (D-Arg,
1 mM); (d) washout of L-NAME and restoration of i;.ps.

Oxy-Hb
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NO, could be responsible for the remaining portion of the
ij.p. In two experiments we tested the effects of L-NAME
(10~ *M) and oxyhaemoglobin (1%) together. Combination of
these two agents completely abolished ij.ps.

Experiments were also performed to determine whether
exogenous NO could mimic the hyperpolarization produced
by NANC nerve stimulation. NO was added to the bath at
estimated concentrations ranging from 10~"M to 3 x 10" 5M
as previously described (Thornbury et al., 1991). NO caused
concentration-dependent hyperpolarizations that were similar
in amplitude to the NANC nerve-evoked ij.ps. Figure 9 shows
responses to several concentrations of NO obtained while
maintaining a single impalement. In a series of expenments
3x107°M NO caused hyperpolarization averaging
8.1mV + 1.6mV (ie. from —514+28mV to
—59.54+27mV; n=10; P <0.001) and 10~">M NO caused
hyperpolarization  averaging 11.3mV + 1.0mV  (from
—56+18mV to —673+19mV; n=16 from 8 dogs;

Nitric oxide

i

—50
C _52 mV
0.3 p,MA
e =51
_56 mV

—[_ 56 mV
3.0 um !
-~ [—53 mV
59

%[64 mv

NO carrier (30 um)

30s

Figure 9 Effects of exogenous nitric oxide on membrane potential.
While maintaining a single impalement, the muscle was exposed to
several concentrations of NO. This caused a concentration-dependent
hyperpolarization response (estimated concentrations shown above
each trace). Bottom panel shows that the solution that NO was dis-
solved in (i.e. amount of NO carrier needed to make 3 x 10~ M dilu-
tion of NO) had no effect alone.
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Figure 8 Effects of oxyhaemoglobin: repetitive i,j.ps were elicited, and at the arrow, oxyhaemoglobin (oxy-Hb; 1%). This caused
depolarization of membrane potential and a reduction in the amplitude of i,j.ps.
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Figure 10 Effect of M&B 22948 on ij.ps: traces show superimposed
ij.ps recorded before (control) and in the presence of M&B 22984
(10~*M). The specific cyclic GMP phosphodiesterase inhibitor, M&B
22948 caused an enhancement in the duration of ij.ps (see text for
details).

P < 0.0001). L-NAME (10~ * M) did not significantly affect the
hyperpolarization caused by NO. NO (3 x 10~ ¢ M) caused an
average 9.2mV + 2.7mV hyperpolarization in the presence of
L-NAME (from —544mV + 6.3 to —63.6 +2.5mV; n=15),
and 107 °*M NO caused an average 12.2mV + 1.0mV hyper-
polarization (from —59mV +4.6mV to —71.2mV + 4.3mV;
n = 5). Oxyhaemoglobin (1%), an NO scavenger, did however
significantly reduce the NO-induced hyperpolarization.
Hyperpolarizations caused by exogenous NO were reduced by
oxyhaemoglobin (i.e. from 6.0 + 1 mV with 3 x 1076M NO to
1+1mV;n=4, P<005; and from 13 + 1mV with 10”°m
NOtol+04mV;n =4, P <0.005).

In vascular muscles the receptor for NO appears to be the
haemoprotein of soluble guanylate cyclase (Rapoport &
Murad, 1983). Binding of NO increases the production of
cyclic GMP (Craven & DeRubertis, 1978), and elevation of
cyclic GMP is associated with relaxation in smooth muscles
(Ignarro & Kadowitz, 1985). NANC effects may be mediated
by cyclic GMP in GI smooth muscles. In order to determine
whether cyclic GMP participates in the generation of NANC
ij.ps, we tested the effects of the specific cyclic GMP phospho-
diesterase inhibitor M&B 22948 (Kukovetz et al., 1982) on
ijps. Addition of M&B 22948 (107*M) caused an
8mV + 3mV hyperpolarization in resting membrane poten-
tial from —59mV to —67mV (n = 5; P < 0.05). Although the
absolute amplitude of the fast component of the i,j.p. was not
significantly affected by M&B 22948, the duration of the
second component was increased from 134+ 3.2s to
20.6 + 3.2s (P < 0.01) in the presence of M&B 22948. Figure
10 shows superposition of ij.ps before and in the presence of
M&B 22948. 1j.ps are likely to be due to an increase in K
conductance (Tomita, 1972). Therefore, the fact that the
amplitude of the fast phase was maintained despite the 8mV
hyperpolarization in resting potential caused by M&B 22948,
suggests that the increase in K conductance during i,j.ps was
enhanced by M&B 22948.

Discussion

The ileocolonic sphincter (ICS) is formed by a thickening of
the circular muscle layer, and it divides the terminal ileum
from the proximal colon. It serves as a true sphincter; tonic
contraction maintains a region of high pressure (e.g.
66cmH,0 in dogs; see Kelley et al., 1966). The ICS is thought
to cause retention of ileal contents to increase absorption and
to prevent reflux of colonic contents into the ileum to help
prevent bacterial overgrowth of the small bowel (see Papa-
sova, 1989). Distension of the ileum causes the pressure in the
ICS to decrease (Kelley et al., 1966; Kelley & De Weese,
1969), and this is a neurally-mediated reflex (Pahlin & Kewen-
ter, 1975). Extrinsic innervation of the ICS comes from vagal

nerves and from sympathetic nerves originating in the
superior and inferior mesenteric ganglia, and a dense intrinsic
innervation arises from the myenteric plexus (Papasova, 1989).
Stimulation of either group of extrinsic nerves enhances
sphincteric pressure and stops trans-sphincteric flow (Pahlin,
1975; Pahlin & Kewenter, 1976). Low frequency stimulation
of vagal nerves however, inhibits sphincteric pressure (Pahlin
& Kewenter, 1975), suggesting a class of low threshold inhibi-
tory neurones running with the vagus. Electrical field stimu-
lation of ICS muscles in vitro yields a pronounced relaxation
in the presence of drugs to block adrenoceptors and cholino-
ceptors (Conklin & Christensen, 1975; Papasova & Mizhor-
kova, 1981; Boeckxstaens et al., 1990d). These non-adrenergic,
non-cholinergic inhibitory nerves relax the ICS and allow ileal
contents to pass into the colon (see Papasova, 1989). The
intrinsic nerves that convey NANC inhibitory input to the
smooth muscle of the canine ICS can be activated by acetyl-
choline (ACh) via nicotinic receptors and by y-aminobutyric
acid (GABA) via GABA, receptors (Pelckmans et al., 1989;
Boeckxstaens et al., 1990b).

Several putative mediators of NANC relaxation have been
investigated; adenosine 5'-triphosphate (ATP) and vasoactive
intestinal polypeptide (VIP) have generally been considered
the strongest candidates (see Hoyle & Burnstock, 1989).
However, studies have suggested that neither of these trans-
mitter candidates mediate NANC relaxations in the canine
ICS. For example, desensitization of receptors for ATP inhib-
ited further relaxations in response to exogenous ATP, but did
not affect relaxations induced by electrical field stimulation or
ACh (ie. acting through nicotinic receptors as described
above; Boeckxstaens et al., 1990d). VIP appears to be ineffec-
tive in causing relaxation or hyperpolarization in the ICS
(MacKenzie & Szurszewski, 1984; Boeckxstaens et al., 1990d).
Recent work has shown that field stimulation of NANC
nerves in ICS muscles releases a substance that was identified
as NO on the basis of its effects on bioassay tissues, chemical
stability, neutralization by haemoglobin, and inhibition by
arginine analogues (Bult et al., 1990; Boeckxstaens et al.,
1991).

The membrane potentials of ICS cells is relatively positive
(i.e. —55mV in the present study; —43mV in guinea-pig ICS
(Kubota, 1983); and —55mV in another study of the canine
ICS (MacKenzie & Szurszewski, 1983), and small spontaneous
oscillations in membrane potential are observed in many cells.
The resting potentials and oscillations are in the range where
voltage-dependent Ca2?* channels are activated in many
smooth muscle cells, including neighbouring circular muscle
cells of the canine proximal colon (Langton et al., 1989; Ward
et al., 1990). It is possible that the spontaneous mechanical
tone in ICS muscles might be related to a small, continuous
leak of Ca?* into cells. Addition of excitatory agonists, such
as noradrenaline, causes depolarization (Ward & Sanders,
unpublished observations), and this would be expected to
increase the open probability of voltage-dependent CaZ*
channels and increase the influx of Ca?*. ICS muscles are also
capable of generating action potentials, but these were rarely
observed in the present study or in a previous study of the
canine ICS (MacKenzie & Szurszewski, 1983). Therefore, this
muscle appears to depend upon the resting membrane poten-
tial as an important means of regulating the influx of Ca%*
and the force of contraction.

The transmitter released by NANC nerves produces i;j.ps
and hyperpolarizes membrane potential. Previous studies
have shown that the membrane hyperpolarization elicited by
NANC nerve stimulation causes relaxation (MacKenzie &
Szurszewski, 1983), and it is likely that this mechanism
explains the NANC-induced relaxations described by Boeckx-
staens and colleagues (cf. Boeckxstaens et al., 1990a). In the
present study we have obtained data suggesting that NANC
ij.ps in the canine ICS are due to release and the actions of
NO, and it isJikely that the NO-mediated i.j.ps are the mecha-
nism behind NANC relaxations in the ICS (Bult et al., 1990,
Boeckxstaens et al., 1990a; 1991). The fact that exogenous NO



causes hyperpolarization and mimics the membrane response
to field stimulation in ICS muscles further supports the
hypothesis that NO is the NANC inhibitory transmitter in
these muscles.

At present the mechanism of the NANC inhibitory junction
potentials is unknown. Most investigators have concluded
that ij.ps are due to a transient increase in K conductance (cf.
Tomita, 1972). We found that apamin blocks a portion of the
ij.p. in ICS muscles, suggesting the involvement of small con-
ductance Ca?*-activated K channels (Capoid & Ogden, 1989).
However, the inability of apamin to abolish ij.ps suggests
either that the potency of this agent for the K channels medi-
ating i.j.ps is weak or that more than a single class of channels
is involved. The link between NO and K channels is poorly
understood. We have found in colonic circular muscle cells
that NO increases the open probability of large conductance
Ca?*-activated K channels (Thornbury et al., 1991). Whether
these channels have a role in NANC responses in ICS muscles
will require further investigation.

The receptor for NO in smooth muscle cells appears to be
soluble guanylate cyclase (Rapoport & Murad, 1983). Our
data suggest that effects of NO on membrane potential are
also mediated via cyclic GMP. M&B 22948, a specific inhibi-
tor of cyclic GMP phosphodiesterase (Kukovetz et al., 1982),
caused hyperpolarization and prolonged the duration of i;j.ps.

Boeckxstaens and colleagues found that addition of argin-
ine analogues (e.g. L-NNA) or oxyhaemoglobin raised basal
tone (Boeckxstaens et al., 1990a). These data suggest that
there is tonic release of NO in ICS that may regulate basal
tone. Other muscles, such as the anococcygeus (Gillespie et al.,
1989) and gastric antrum (Ozaki et al., 1992), also appear to
be influenced by the tonic release of NO. In the present study
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we observed an electrophysiological correlate of the increase
in basal tone in response to arginine analogues and oxy-
haemoglobin. L-NAME and oxyhaemoglobin caused depolar-
ization of resting potential, and this effect may explain the rise
in tone in response to these agents. These findings suggest that
constant release of NO maintains membrane potential at a
more negative level than would occur in the absence of NO.
The source of the tonic release of NO is unknown at present
but it is possible that NO could leak from nerves, endothelial
cells lining blood vessels, or other cell types that express NO
synthase (cf. Moncada et al., 1991). The fact that TTX raises
basal mechanical tone in ileocolonic muscles (Boeckxstaens,
1991) suggests that a portion of the NO may come from spon-
taneous neural activity. We also found that M&B 22948
caused a significant hyperpolarization of the membrane
potential. If tonic release of NO stimulates production of
cyclic GMP and cyclic GMP serves as the second messenger
to mediate the hyperpolarization response, then inhibiting
metabolism of cyclic GMP should increase the influence of
NO on membrane potential and cause hyperpolarization.

In summary, experiments on the canine ICS have suggested
that NO is the inhibitory transmitter that mediates the
NANC relaxation. In this, and most other GI smooth
muscles, relaxation is preceded by a hyperpolarization
response known as an ij.p. We have shown that ij.ps in the
canine ICS are likely to be mediated by NO. NO is presum-
ably coupled to hyperpolarization via the enhanced pro-
duction of cyclic GMP.
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1 The somatostatin octapeptide-analogue, octreotide, is absorbed as intact peptide from the gastro-

intestinal (GI) tract.

2 In situ absorption experiments in rats confirmed our recent intubation studies in human volunteers
demonstrating that the peptide has preferential absorption sites in the small intestine. Absorption of
octreotide was higher in the jejunum than in the duodenum or the ileum.

3 Experiments with bile-duct cannulated rats demonstrated that the absorption of octreotide decreased
in the presence of bile, reflecting a negative influence of biliary components on the absorption of the

peptide.

4 Uptake experiments using rat jejunal brush border membranes were performed to analyse the absorp-
tion mechanisms. The transport of octreotide into jejunal brush border membranes was significantly
higher than the uptake into membrane vesicles isolated from rat ileum. When initial uptake (0-15s) rates
into the membrane vesicles were calculated as a function of the peptide concentration, a saturable com-
ponent could be observed, indicative of transport mechanisms different from simple diffusion.

Keywords: Octreotide; intestinal; membrane transport; brush border membrane

Introduction

The clinical benefit of therapeutically active peptides is often
limited by their short biological half-lives, necessitating con-
tinuous intravenous infusions, or by their rapid degradation in
the gastro-intestinal (GI) tract excluding oral administration.
The synthetic somatostatin octapeptide-analogue octreotide
(Sandostatin) partially overcomes both problems, since its
structure has been stabilized against enzymatic degradation
(Bauer et al, 1982). Octreotide suppresses the release of
growth hormone, prolactin and various hormones of the
gastro-entero-pancreatic endocrine system, thereby regulating
intestinal and pancreatic secretory processes. It is used clini-
cally in the therapy of acromegaly and in the symptomatic
treatment of carcinoid syndrome or endocrine tumours of the
GI tract (Del Pozo, 1988; Battershill & Clissold, 1989). Recent
studies in healthy volunteers have demonstrated that octreo-
tide effectively suppresses plasma insulin levels after oral
administration, indicating that functionally active peptide is
absorbed (Williams et al., 1986; Fuessl et al., 1987), despite its
rather low systemic bioavailability of about 0.3% (Kohler et
al., 1987). It is not known, whether this low bioavailability is
due 'to restricted absorption sites in the intestinal tract, where
the drug passes by, or due to an interaction with intestinal
content such as biliary or pancreatic fluids. Recent experi-
ments with rat jejunal brush border membranes indicated a
high metabolic stability of the peptide in the small intestine of
rats (Fricker et al., 1991).

The goals of the present study were to localize the site of
octreotide absorption in the intestinal tract, to estimate the
absorbed fraction of intact peptide by studies in rats, and to
investigate, whether the absorption of the peptide is influenced
by local factors such as bile, pancreatic juice or the presence of
specific transport systems in the enterocyte plasma membrane.

Methods

In situ absorption studies in rats

All animal studies were approved by the Committee of the
Swiss Cantonal Agency for Animal Protection. Male Wistar

! Author for correspondence.
2 Present address: Department of Pharmaceutics, University of
Marburg, D-3500 Marburg, Germany.

rats, weighing approximately 300g, (BRL, Fiihlinsdorf, CH)
were kept without food, but with free access to water for one
day before the experiment. The animals were anaesthetized by
ip. injection of urethane (1gkg~!). The peritoneum was
opened by a midline incision and 5cm segments of the desired
intestinal area were ligated in order to prevent transit of the
administered peptide down the gut maintaining normal blood
supply. The beginning of the duodenum was localised 0.5cm
distal to the pylorus, that of the jejunum 10cm distal to the
ligamentum duodenocolicum, and the ileal segment was
between 2 and 7cm proximal to the ileocecal valve. Octreo-
tide, 50 ug, dissolved in 0.5ml 0.9% saline was injected into
the intestinal segment under investigation. Blood samples
were taken by puncture of the vena cava 10 min before and 20,
60 and 120 min after drug administration and immediately
centrifuged at 10,000g for 5min at 4°C. The plasma was kept
frozen until the concentration of octreotide was determined by
a radioimmunoassay (Bauer et al., 1982). The rabbit antiserum
was found to recognise only intact peptide with a very low
cross-reactivity to peptide fragments, somatostatin-14 or
somatostatin-28. The area under the plasma curve (AUC) was
estimated by the trapezoidal rule. The absorption efficiency
was calculated following the equation: [(AUC,, . intestinal
X dosei.v.)/(AUCi.v‘ X doseintra-inteslinal}] x 100= % [absorption
efficiency].

When bile-duct cannulated rats were used, the common bile
duct of each animal was cannulated one day prior to the
kinetic experiment under ip. pentobarbitone (10mgkg™?')
anaesthesia. After cannulation, the rats were kept under
fasting conditions until the kinetic experiment. Sham-operated
rats were treated like the bile-duct cannulated rats except that
the bile-duct was not cannulated. All animals were allowed
to move freely after the surgery; the biliary cannula was
protected by a fixing-tape around the body.

In vitro absorption studies

In vitro intestinal absorption of octreotide was studied with
brush border membrane vesicles obtained from rat jejunum
and ileum. The membrane vesicles were isolated by the diva-
lent cation precipitation method (Hopfer et al., 1973). As indi-
cated by the marker enzyme leucineaminopeptidase, the
membrane vesicles were enriched over the starting homoge-
nate 21 + 5 (s.d.) fold (n = 20). In control experiments the
uptake of bD-glucose and L-alanine revealed a sodium-
dependent overshoot (Murer & Hopfer, 1974; Satoh et al,
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1989), indicating that the membranes had maintained their
functional integrity. The absorption of radiolabelled peptide
started after adding 20 ul of membrane vesicles in suspension
medium (300 mM mannitol, 20mm HEPES-Tris, pH 7.5), to
180 ul incubation medium (final concentrations: 100 mM man-
nitol, 100mM NaCl or 100mM KCl, 20mM HEPES-Tris,
pH 7.5, and 20um ['*CJ-octreotide). When the membrane
potential dependency of the transport was investigated, the
membrane vesicles were preloaded with 100mM KCl and
incubated in a medium containing 100mM tetramethyl-
ammoniumchloride instead of NaCl subsequent to treatment
with valinomycin (10 ugmg™! protein). The absorption was
stopped by adding 2.5ml of ice-cold suspension medium.
Vesicle associated ligand was separated from free ligand by
rapid filtration of the suspension through 0.45 um nitrocellu-
lose filters (Sartorius, Gottingen, FRG) and subsequent
washing twice with 2 ml of ice-cold suspension medium. Mem-
brane associated radioactivity was determined by liquid scin-
tillation counting after dissolving the filters and membranes in
Sml Filtercount (Canberra Packard International SA, Zurich,
CH). To determine the uptake of octreotide into an
osmotically active space (=intravesicular lumen) the absorp-
tion was measured after incubation of the vesicles at varying
extra-vesicular osmolarity, adjusted by addition of mannitol.
Statistical differences between the vesicle absorption data were
calculated by Student’s ¢ test. Curve analysis was performed
with the data analysis programme, Enzfitter (Elsevier Publi-
shers, Amsterdam, NL).

Chemicals

['4C]-octreotide with a specific activity of 40.99 Cimg~! and

unlabelled peptide were synthesized in the Preclinical
Research Department, Sandoz Pharma Ltd., Basle, Switzer-
land (Bauer et al., 1982). The radiochemical purity of labelled
peptide was checked by high performance liquid chromato-
graphy (h.p.l.c.) analysis before the experiments and was found
to be greater than 98%. All other chemicals were purchased in
reagent grade from commercial sources.

Results

In situ studies with rats were performed to evaluate rate,
extent and the site of intestinal absorption of octreotide.
Octreotide, 50 ug was administered to either the duodenum,
the jejunum or the ileum of the animals. Octreotide plasma
levels were determined for up to 2h after administration. The
AUC values were calculated only for this time period, because
the plasma concentrations reached a plateau after 2 h. There-
fore, extrapolation to infinity was not possible. The determi-
nation of octreotide plasma levels showed that the AUC,_,,
and the C_,, were highest after intra-jejunal peptide adminis-
tration (Table 1). The absorption efficiency_,p, in the duo-
denum was 1.56% compared to 3.16% in the jejunum and
0.19% in the ileum.

To investigate, whether the lower absorption efficiency in
the duodenum compared to the jejunum might be caused by
the presence of high concentrations of bile, the plasma levels
of octreotide in control animals were compared with the
plasma levels of the peptide in sham-operated and bile-duct

cannulated rats after intestinal peptide administration.
Octreotide plasma levels in bile-duct cannulated animals
exceeded several fold those in control animals. The maximum
plasma concentration of octreotide observed in bile-duct can-
nulated rats was 8.73ngml ! compared to 2.23ngml~! in
control animals, resulting in an almost 6 fold increased AUC
(Table 2).

Additional experiments with brush border membranes of
rat intestine were performed, to evaluate, whether the higher
absorption in the jejunum can be explained as the result of a
selective absorption mechanism. The brush border membrane
vesicles were isolated from either the jejunal or the ileal part
of rat small intestine. To determine, whether the uptake of
octreotide by jejunal brush border membranes is due to trans-
port into the intravesicular lumen or binding to the mem-
brane surface, the effect of increasing incubation medium
osmolarity on the uptake at 60 min incubation was investi-
gated. Extrapolation to infinite osmolarity (i.e., no intravesicu-
lar lumen) showed ~75% uptake compared to control
conditions (300 mosmol), indicating that actual transport
under iso-osmotic standard conditions is ~25% of total
uptake. The uptake rates of the peptide in the initial phase of
absorption (0-15s) were significantly higher with membrane
vesicles isolated from the jejunum as compared to the uptake
observed with membrane vesicles prepared from the ileum
(Figure 1). In addition, the uptake of octreotide into jejunal
brush border membranes was stimulated, when the peptide
was administered in the presence of an inwardly directed
Na*-gradient ((Na],: 100 mm; [Na];: 0 mm, Figure 1)

The influence of the membrane potential was tested by cre-
ating electrical valinomycin-induced K*-diffusion potentials.
Preloading the vesicles with 100mm KCl, subsequent treat-
ment with valinomycin and incubation in a tetra-
methylammoniumchloride (TMA-chloride, 100 mm)
containing medium should generate a relatively negative
intravesicular potential. The experiments showed a higher
uptake of octreotide under these conditions compared to K *-
equilibrated conditions or an intra-vesicular positive potential
created by preloading the vesicles with TMA* and subsequent
incubation in a K*-containing medium after treatment with
valinomycin.

In addition, the absorption of the peptide by jejunal brush
border membrane vesicles was measured at different concen-
trations of octreotide. Plotting of the initial uptake rates
versus the peptide concentration (0—15s) revealed a non-linear
functional relationship between the initial absorption rate and
the peptide concentration (Figure 2). Subtraction of a linear
component, representative for passive diffusion, from the total
uptake rate suggested an additional saturable absorption

Table 2 Effect of bile on intestinal octreotide absorption in

rats
Animal model AUCy_,, Conax nax
(ngh™'ml™Y) (ngml™?) (h)
Control rats 2.26 + 1.13 223 +1.34 1.2+ 06
Sham operated 510 + 6.17 4.14 + 3.68 0.5+ 0.2
Bile-duct cannulated 12.94 + 4.66 8.73 + 3.06 12405

In different rat models after administration of 50 ug octreo-
tide ( mean values +s.d.; n = 6).

Table 1 Pharmacokinetic parameters of octreotide after administration at different sites of rat small intestine

Administration AUC,_,,

site (mgh™'ml™?)
Duodenum 439 1+ 2.05
Proximal jejunum 8.89 + 2.63
Ileum 0.52 + 0.09
i.v. reference 14.04 + 1.16

Conax tonax Absorption
(ngml~?!) (h) efficiency (%)
320+ 154 05%01 1.56
710+ 175 04 +0.1 3.16
237+117  07+03 0.19

23.27 + 1.31 0.1 +00 100

In anaesthetized rats after administration of 50 ug octreotide in 0.5 ml saline at different sites in the small intestine; reference animals

received an i.v. dose of 2.5 ug octreotide (mean values +s.d.; n = 6).
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Figure 1 Uptake of octreotide by intestinal brush border membrane
vesicles of rat. The vesicles were resuspended in 300mM mannitol,
20mM HEPES-Tris, pH 7.5 and incubated in a medium containing
100 mM mannitol, 100 mm NaCl (A, @) or 100mMm KCL (A, O) 20mMm
HEPES-Tris, pH 7.5 and 20uM [!*CJ-octreotide. Each point rep-
resents the mean of 4 determinations from 3 different membrane prep-
arations (A, A; jejunal membrane vesicles; @, O: ileal membrane
vesicles); vertical bars show s.e. mean.

* Significantly different from controls (KCl-incubation, P < 0.05).

component with an apparent Ky of 45uM and a V,, of
1.8 nmolmin~!mg~! protein. This occurrence of a saturable
transport component is an indication of a direct interaction of
the peptide with membrane constituents.

Discussion

The prevalent methods of administration for peptide drugs are
still the subcutaneous or intravenous route. Oral adminis-
tration indisputably offers therapeutic advantages, but its use
is controversial, mainly because of the known enzymatic labil-
ity of peptides. Our interest was focused on the intestinal
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Figure 2 Concentration-dependent uptake of octreotide by jejunal
brush border membrane vesicles of rat. Uptake of various concentra-
tions of ['*C]-octreotide was measured at 25°C for 15s by incubating
the vesicles in 100mM mannitol, 100mM NaCl, 20mM HEPES/Tris,
pH 7.5, and octreotide. Each point represents the mean of 20 determi-
nations from 5 separate membrane preparations: vertical bars show
s.e. mean. (@) = total uptake; (A) = calculated saturable component.

absorption of octreotide, which is stabilised against proteo-
lytic degradation in GI fluids (Pless et al., 1986).

The results of these investigations can be summarised as
follows:

(1) Octreotide showed marked differences in the extent and
rates of absorption at the various sites of the intestine. Highest
plasma levels were achieved after peptide administration into
the jejunum.

(2) The absorption of octreotide was increased in bile-duct
cannulated rats and was diminished in the presence of high
concentrations of biliary or pancreatic juice, in rats and prob-
ably in man.

(3) The uptake of octreotide by rat brush border membrane
vesicles was higher in jejunal than in ileal membrane vesicles.
It exhibited a saturable component indicative of a specific
membrane-peptide interaction.

The studies imply in accordance with recent investigations
(Fuessl et al., 1987; Kohler et al., 1987; Fricker et al., 1991)
that octreotide is absorbed from the GI tract as an intact
peptide. Comparison with our previous data obtained by intu-
bation of human volunteers (Kéhler et al., 1987) demonstrates
that both in rats and man a single jejunal dose of
~110pugkg™! resulted in similar plasma concentrations,
which were above 0.3ngml ™! up to 3 h. Previous studies have
described plasma concentrations of intact octreotide above
0.3ngml~! to be efficient in suppressing growth hormone
secretion (Lamberts et al., 1985) or in suppressing plasma
insulin levels (Fuessl et al., 1987) or prolactin secretion
(Fricker et al., 1991).

The different plasma levels of octreotide after adminis-
tration in various parts of the small intestine of rats point to
the existence of absorption sites in the jejunum, recognising
octreotide. The present data confirm the recent findings of
site-dependent absorption of octreotide in healthy volunteers
(Kohler et al., 1987), indicating the action of a selective
absorption mechanism in the jejunum. Support for this
hypothesis was provided by the finding of a saturable, curvi-
linear uptake, when the peptide absorption was measured in
rat jejunal brush border membranes. The functional proper-
ties of the human intestine cannot be unequivocally deduced
from the results obtained with rat intestinal brush border
membranes, but peptide absorption was significantly higher in
jejunal than in ileal membrane vesicles, which parallels the
results in the whole animal and the intubation study with
man.

It is known that the small intestine is able to absorb bio-
logically significant quantities of intact oligopeptides (Amoss
et al., 1972; Lundin & Vilhardt, 1986; Takaori et al., 1986) but
none of the studies could demonstrate conclusively a specific
membrane-peptide interaction or the presence of an active
transport system for oligopeptides with more than four amino
acids. It cannot be excluded, that such oligopeptides may also
be recognised by one of the physiological peptide carriers,
which have been described for dipeptides, tri- or tetrapeptides.
For those peptides pH-dependent absorption systems are dis-
cussed (Gardner, 1984; Humphrey & Ringrose, 1986; Tsuji et
al., 1987; Wilson et al., 1989), whereas our experiments suggest
a Na*-dependent or potential-dependent mechanism for the
uptake of octreotide. The observed Na*-dependency may be
an indirect effect via the Na*/H *-exchange system by produc-
ing a proton gradient as previously discussed for dipeptides
(Ganapathy et al., 1984). However, variation of intra- or extra-
vesicular pH in the absence of Na* had only minor effects
upon the uptake rates of octreotide. The potential sensitivity
indicates, that octreotide transport is associated with the
translocation of a net positive charge (e.g. Na*/octreotide or
positively charged octreotide alone).

It has also to be mentioned, that octreotide exhibits a
complex modulation of the electric surface properties of lipid
membranes by changing the lipid headgroup conformation, as
demonstrated by fluorescence spectroscopy and nuclear mag-
netic resonance studies (Beschiaschvili & Seelig, 1991). There-
fore, the evaluation of the exact uptake mechanism, the
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identification of potential binding sites, as well as the inter-
action of octreotide with charged cell surfaces is the subject of
current investigations.

The finding of the low plasma levels of octreotide after
intra-intestinal administration does not contradict the mem-
brane permeability rates found in the membrane vesicle
experiments. It can partially be explained by the presence of
high local concentrations of bile and/or pancreatic juice in the
intestinal lumen. In addition, the positive net charge of octreo-
tide might contribute to a high binding of the peptide to
mucus constituents in the intestinal lumen, thereby decreasing
the bioavailability of the peptide after oral administration.
Recent studies using a fluorescent analogue of octreotide
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Characterization of a novel aquaretic agent, OPC-31260, as an
orally effective, nonpeptide vasopressin V,receptor antagonist

1Y.oshitaka Yamamura, Hidenori Ogawa, Hiroshi Yamashita, Tomihiko Chihara, Hisashi
Miyamoto, Shigeki Nakamura, Toshiyuki Onogawa, Tatsuya Yamashita, Tetsumi Hosokawa,
Toyoki Mori, Michiaki Tominaga & Youichi Yabuuchi

Second Tokushima Institute of New Drug Research, Otsuka Pharmaceutical Co., 463-10, Kagasuno, Kawauchi-cho, Tokushima

771-01, Japan

1 OPC-31260, a benzazepine derivative, has been studied for its ability to antagonize the binding of
arginine vasopressin (AVP) to receptors in rat liver (V,) and kidney (V,) plasma membranes, for antago-
nism of the antidiuretic action of AVP in alcohol-anaesthetized rats and for diuretic action in conscious
normal rats.

2 OPC-31260 caused a competitive displacement of [*)H]-AVP binding to both V, and V, receptors
with IC,, values of 1.2 + 0.2 x 10"%M and 1.4 + 0.2 x 10~ 8 M, respectively.

3 OPC-31260 at doses of 10 to 100 ugkg ™!, i.v., inhibited the antidiuretic action of exogenously admin-
istered AVP in water-loaded, alcohol-anaesthetized rats in a dose-dependent manner. OPC-31260 did not
exert an antidiuretic activity suggesting that it is not a partial V, receptor agonist.

4 After oral administration at doses of 1 to 30mgkg~! in normal conscious rats, OPC-31260 dose-
dependently increased urine flow and decreased urine osmolality. The diuretic action of OPC-31260 was
characterized as aquaresis, the mode of diuretic action being different from previously known diuretic
agents such as furosemide, hydrochlorothiazide and spironolactone.

5 The results indicate that OPC-31260 is a selective V, receptor antagonist and behaves as an aquaretic
agent. OPC-31260 will be a useful tool in studying the physiological role of AVP and in the treatment of
various conditions characterized by water retention.

Keywords: OPC-31260; vasopressin; nonpeptide antagonist; aquaresis; V, receptor

Introduction

Arginine vasopressin (AVP) may contribute to cardiovascular
regulation by causing vasoconstriction and stimulating renal
water absorption through V, and V, receptors, respectively.
This classification of AVP receptor subtypes was originally
proposed by Michell et al. (1979) and was based on intracellu-
lar mechanisms: adenosine 3': 5’-cyclic monophosphate (cyclic
AMP)-independent (V,) and cyclic AMP-dependent (V,) path-
ways. AVP antagonists, are of potential importance in the
treatment of water-retaining disorders. Although several
potent peptide vasopressin antagonists are currently available
(for reviews see Kinter et al., 1988; Manning & Sawyer, 1989;
Laszlo et al., 1991), the therapeutic usefulness of such com-
pounds is limited because of their low oral bioavailability and
partial agonist activity (Mah & Hofbauer, 1988; Brooks et al.,
1988; Albrightson-Winslow et al., 1989). Therefore, none has
emerged as a clinically useful antidiuretic antagonist.

Recently, we reported on an orally effective, nonpeptide V,
receptor antagonist, OPC-21268, that specifically antagonized
responses to AVP in vitro and in vivo (Yamamura et al., 1991).
Subsequently, via a series of structural conversions of OPC-
21268, the selective V, receptor antagonist OPC-31260 was
discovered. This paper describes the ability of OPC-31260 to
inhibit AVP receptor binding in rat liver and kidney plasma
membranes and to antagonize exogenous AVP in water-
loaded, alcohol-anaesthetized rats. Furthermore, we examined
the aquaretic effects of orally administered OPC-31260 in
normal conscious rats. The chemical structure of OPC-31260,
[5-dimethylamino- 1-{4-(2-methylbenzoylamino)benzoyl}-2,3,4,
5-tetrahydro-1H-benzazepine], is shown in Figure 1.

! Author for correspondence.

Methods

In vitro arginine vasopressin binding assay in rat liver
and kidney plasma membranes

Liver and kidney plasma membranes were prepared from
Sprague-Dawley rats (300-400g) (Charles River, Japan).
Details of the methods used have been published elsewhere
(Nakahara et al., 1978; Nakamura et al., 1983). Briefly, liver or
kidney was first homogenized in a Potter-Elvehjem smooth
glass homogenizer in a medium containing 250 mM sucrose,
5mm MgCl,, 1mM EDTA, 10mMm Tris-HCl, pH 7.5. The
homogenate was centrifuged at 1500g for 15min and the
pellet was rehomogenized in a loose Dounce homogenizer.
Liver plasma membrane fraction was obtained from the
1500 g pellet with an iso-osmotic Percoll method after 10,000 g
centrifugation for 1 h. Kidney plasma membrane was obtained
with a PEG-dextran double phase system as interfacial mem-
brane fraction after 10,000g centrifugation for 10min. The
membranes were washed 3 times with Tris-HCI buffer (pH 7.5)
containing 0.15M NaCl. Protein was measured by the method
of Lowry et al. (1951).

Various concentrations of AVP and OPC-31260 were incu-
bated with 100 ug (protein equivalent) of liver membranes or
300 ug of kidney membranes in 0.25ml of 100mm Tris-HCI
buffer, pH 8.0 containing 5mM MgCl,, 1mmM EDTA, 0.1%
bovine serum  albumin, and 19nm [*H]-AVP
(53.6 Cimmol ~?, New England Nuclear) in the liver or 3.8 nM

CHa\N
oL w0
CHs

Figure 1 Chemical structure of OPC-31260, [5-dimethylamino-1-{4-
(2-methylbenzoylamino)benzoyl}-2,3,4,5-tetrahydro-1H-benzazepine].
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[*H]-AVP in the kidney. After incubation for 10min at 37°C
(liver membranes) or 4h at 4°C (kidney membranes), 3ml of
ice cold buffer was added to each assay tube, and bound and
free ligands were separated by filtration through a glass
microfibre filter (Whatman, GF/B) and then washed three
times. The radioactivity trapped on the filters was counted in
a liquid scintillation counter. Specific binding was determined
by subtraction of the nonspecific binding which was measured
in the presence of 1 uM unlabelled AVP.

To determine binding kinetic constants, K, and B,,,, liver
or kidney plasma membranes were incubated with increasing
concentrations of [*H]-AVP with or without excess (10~Mm)
unlabelled AVP to obtain a saturation curve. To investigate
whether OPC-31260 interacts competitively or noncompeti-
tively, the saturation binding of [*H]-AVP was examined in
the absence and presence of OPC-31260 at concentrations of
3x10°"M and 1x107°M in liver membranes and
3x107°M, and 1 x 10~ %M in kidney membranes. Data on
the saturation curve were plotted according to the method of
Scatchard and fitted by a regression analysis (Scatchard,
1979).

/

In vivo antagonism to exogenous arginine vasopressin in
water-loaded, alcohol-anaesthetized rats

The bioassay method for antidiuretic activity was used (for
details see Bisset & Chowdrey, 1984). This method was orig-
inally developed by Dicker (1953) and subsequently modified
by Bisset & Lewis (1962), and Clark & Rocha e Silva (1967).
Male Sprague-Dawley rats (300-350g) (Charles River Labs),
deprived of food for 18h but allowed free access to water,
were given water (5% body weight) by stomach tube, followed
1h later by 13% ethanol (5% body weight). After full anaes-
thesia, the trachea was cannulated for ventilation and then the
femoral artery, vein and bladder were cannulated for measure-
ment of arterial pressure, for i.v. injections, and for urine col-
lections, respectively. The rat was placed on a set of scales,
balanced by a counterweight and received a constant infusion
of 3% ethanol (v/v), 1.67% glucose (w/v) and 0.3% NaCl (w/v)
into its stomach, controlled automatically by a servo-
controlled pump. Urine flow was measured by a photo-
transistor connected with a staircase integrator having a 1 min
time base, and urine was collected for 5Smin. Urine osmolality
was determined by freezing point depression with a Fiske
osmometer. After constant urine flow was established, AVP
(50 pukg ') and OPC-31260 (10, 30, 100 ugkg™') were given
intravenously.

Evaluation of antidiuretic agonist activities of
OPC-31260 and d(CH,)sTyr(Et)V AV P in Brattleboro
rats

Female Brattleboro rats homozygous for hypothalamic Dia-
betes Insipidus and weighing between 180 and 280g were
used. OPC-31260 (30mgkg™') and vehicle (5% gum arabic)
were administered orally in a volume of 2mlkg™! and
d(CH,)sTyr(Et)VAVP (10 ugkg™!) was administered subcuta-
neously in a volume of 1 mlkg™'. Spontaneously voided urine
was collected for 6h with metabolic cages. Both before and
during the study, the rats received water and food ad libitum.

Aquaretic effects of oral administered OPC-31260 in
normal conscious rats

Hydrated conscious rats (weighing 300-350g) were orally
dosed with vehicle (5% gum arabic, 2mlkg™') or OPC-31260
at doses of 1 to 30mgkg ™' and were then placed individually
in metabolic cages. Both before and during the study, the rats
received water and food ad libitum. Spontaneously voided
urine was collected every 2 h for an 8 h period.

Comparison of OPC-31260 and other diuretic agents in
normal conscious rats

OPC-31260 (1 to 30 mgkg ™), furosemide (10 to 300mgkg 1),
hydrochlorothiazide (1 to 30mgkg™?) and spironolactone (50
to 150mgkg~') were administered orally in normally
hydrated conscious rats (n = 4). Urine was collected for 4h
with metabolic cages. Urinary sodium was determined by a
flame photometer (Hitachi 750, Japan).

Statistics

The results are presented as means + s.e.mean. One way
analysis of variance (ANOVA) followed by Dunnett’s test
(Dunnett, 1955) was used. P < 0.05 was taken to be signifi-
cant.

Drugs

In vitro study: AVP (Peptide Institute Inc., Japan) was dis-
solved in 0.1M Tris-HCl buffer, pH 8.0 containing 5SmMm
MgCl,, 1mM EDTA, 0.1% bovine serum albumin (Sigma
Chemical Co.) and OPC-31260 was dissolved in dimethyl-
sulphoxide (DMSQO) (Wako Pure Chemicals, Japan) at a con-
centration of 10~3M and diluted with assay buffer. The final
concentration of DMSO in the binding assay was 2% and had
no effect on [ H]-AVP binding.

In vivo study: AVP and d(CH,);Tyr(Et)VAVP (Sigma Chemi-
cal Co.) were dissolved in isotonic saline and OPC-31260 dis-
solved in dimethylformamide (DMF) (Wako). Bolus injections
were given in 30yl and then flushed in with 0.2ml isotonic
saline. Injection of vehicle (DMF) alone in these volumes had
no consistent cardiovascular effects. For oral administration,
furosemide, hydrochlorothiazide, spironolactone (Sigma
Chemical Co.) and OPC-31260 were suspended with 5% gum
arabic in water and administered in a volume of 2mlkg™'.

Results

Arginine vasopressin binding in rat liver and kidney
plasma membranes

Both AVP and OPC-31260 displaced [*H]-AVP binding to
rat liver (V, receptor) and kidney (V, receptor) plasma mem-
branes (Figure 2). The ICs, value of OPC-31260 was
1.4+ 02 x 10"8M for V, receptors and 1.2+ 0.2 x 107 %M
for V, receptors (n = 3); the corresponding IC,, values for
AVP were 40 + 0.4 x 10" °Mat V, and 2.3 £ 0.5 x 10" "M at
V, receptors. OPC-31260 is therefore two orders of magnitude
more selective for V, receptors than for V, receptors.

-
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Figure 2 Displacement curves of [*H]-arginine vasopressin ([*H]-
AVP) by unlabelled AVP (O, @) and OPC-31260 (A, A) in rat liver
(open symbols) and kidney (closed symbols) plasma membranes.
Values represent means with s.e.mean shown by vertical lines of 3 or 4
separate determinations performed in duplicate.
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Table 1 Effects of OPC-31260 on number and apparent affinity of [*H]-arginine vasopressin ((3H]-AVP) binding sites in rat liver and

kidney plasma membranes

Rat liver membranes (V)

Concentration B,.x K,

of OPC-31260  (pmol mg™?!) (nM~?Y)
None 1.96 + 0.30 1.10 + 0.14
3x107"M 223 +£0.38 247 + 0.26*
1 x107¢Mm 242 +£0.39 5.51 £ 0.51**

Rat kidney membranes (V ,)

Concentration B..x Ky
of OPC-31260  (pmolmg™?!) (nM™?)
None 0.40 + 0.07 1.38 £ 0.08
3x107°m 041 + 0.08 2.40 + 0.26*
1x1078m 0.38 + 0.06 4.03 + 0.45**

Values are means + s.e.mean, n = 4-5; * P < 0.05, ** P < 0.01 versus control (absence of OPC-31260, none). The B,,, values of both
receptors are not significantly different at each concentration of OPC-31260.

Scatchard plots of [*H]-AVP saturation binding in the
absence and presence of OPC-31260 were determined. K4 and
B,,, values for [*H]-AVP in rat liver were
.10+ 0.14 x 10™°M and 196 £+ 0.30 x 10~ *?molmg~*
protein respectively; in rat kidney the corresponding values
were 138+ 0.08 x 107°M, 040 + 0.03 x 10”2 molmg~!
protein. The K, of [*H]-AVP was reduced significantly in
both rat liver and kidney in the presence of OPC-31260
although B,,,, values did not change in either tissue (Table 1).
The results indicate that OPC-31260 inhibits [3H]-AVP
binding to both V, and V, receptors in a competitive manner.
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Figure 3 In vivo antagonism of exogenous arginine vasopressin
(AVP) by OPC-31260 in water-loaded, alcohol-anaesthetized, rats.
AVP (S0uukg™!, @) and OPC-31260 (arrows) were administered
intravenously. Typical traces of three experiments are shown.
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Figure 4 Study of intrinsic antidiuretic activity of OPC-31260 in
water-loaded, alcohol-anaesthetized rats. Arginine vasopressin (AVP,
S0uukg™', @) and OPC-31260 (arrows) were administered intra-
venously. Typical traces of three experiments are shown.

Antagonism of exogenous arginine vasopressin in
water-loaded, alcohol-anaesthetized rats

Bolus injections of AVP (50 pukg™!) in water-loaded, alcohol-
anaesthetized rats, induced a reproducible decrease in urine
flow and increase in urine osmolality. After intravenous
administration of OPC-31260 at doses of 10 to 100 ugkg™!,
the antidiuretic action of exogenous AVP was inhibited in a
dose-dependent manner (Figure 3).

OPC-31260 (0.03 to 1 mgkg™?, i.v.) had no effect on urine
flow and urine osmolality (Figure 4). d(CH,),;Tyr(Et)VAVP,
which inhibits the antidiuretic action of AVP in normal rats,
was observed also to have an antidiuretic effect in Brattleboro
rats, ie. it significantly decreased urine volume and water
intake, and increased urine osmolality (Figure 5). However,
OPC-31260 did not decrease urine volume and water intake,
and did not increase urine osmolality (Figure 5).

Aquaretic effects of orally administered OPC-31260 on
hydrated conscious rats

OPC-31260 was administered orally at doses of 1 to
30mgkg~! in hydrated conscious rats (n = 4) and sponta-
neously voided urine was collected every 2h for an 8 h period
(Figure 6). OPC-31260 caused a dose-dependent increase in
urine volume and a drop in urine osmolality. At a dose of
30mgkg !, the aquaretic effect of OPC-31260 was significant
for up to 8 h.

Comparison of urine volume and urinary sodium excretion
with OPC-31260 and other diuretics

We administered OPC-31260 (1 to 30 mgkg™1), hydrochloro-

thiazide (1 to 30mgkg ~!), furosemide (10 to 300 mgkg~!) and
spironolactone (50 to 150mgkg~') in normally hydrated con-
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Figure 5 Water intake, urine volume and urine osmolality in Bratt-
leboro rats over a 6h collection period after oral administrations of
OPC-31260 (30mgkg~', n =7, hatched column) and vehicle (5%
gum arabic, n = 6, open column) or subcutaneous administration of
d(CH,);Tyr(Et)VAVP (10 ugkg™", n = 6, closed column). Values are
means with semean shown by vertical lines. **P < 0.01,
d(CH,);Ty(Et)VAVP-treated groups vs. the vehicle-treated groups.
The values of OPC-31260-treated groups are not significantly differ-
ent from vehicle-treated groups (by Dunnett).
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Figure 6 Antagonism by OPC-31260 to endogenous arginine vaso-
pressin (AVP) in hydrated conscious rats. OPC-31260 at 1 (hatched), 3
(cross-hatched), 10 (stippled) and 30 (closed) mgkg ™! and vehicle (5%
gum arabic, open column) were administered orally. Values are means
with s.e.mean shown by vertical lines. n = 4. * P < 0.05; ** P < 0.01,
OPC-31260-treated groups vs. the vehicle-treated group. Statistical
analysis of urine osmolality was performed using calculated values
from the urine volume and urine osmolality relationship obtained in
this experiment when spontaneously voided urine was zero.

scious rats (n=4). All tested compounds increased urine
volume and urinary sodium excretion and decreased urine
osmolality (Table 2). With OPC-31260 as compared to furo-
semide, urinary sodium excretion was rather low. Further-
more, the urine osmolality level dropped below the plasma
osmolality level; this did not occur with other diuretics. The
diuretic effects of traditional diuretic agents were closely
associated with urinary sodium excretion, but OPC-31260
selectively increased the excretion of water rather than that of
sodium.

Discussion

Our results demonstrate that OPC-31260 inhibited AVP bind-
ing to V, and V, receptors in a competitive manner. IC,,
values calculated from displacement curves of OPC-31260
showed that OPC-31260 is about 100 times more selective for
V, receptors than for V, receptors. Although peptide V,
antagonists have been developed by Manning & Sawyer
(1989), these antagonists also inhibit AVP binding to V,
receptors at the same concentrations.

Like smooth muscle cells, mesangial cells in kidney possess
V, receptors (Bonventre et al., 1986) and recently, using auto-
radiography, Gertsberger & Fahrenholz (1989) showed V,
binding sites in the kidney. Thus, the kidney plasma mem-
branes used in this study might have also contained V, recep-
tors. However, Scatchard analysis of [*H]-AVP saturation
binding to the kidney membranes exhibited a straight line
(regression coefficient, 0.955 + 0.012, n = 5), consistent with
the existence of a single class of [*H]-AVP binding sites in the
kidney membranes. Indeed, the cyclic AMP generation
induced by AVP which is a consequence of V, receptor stimu-
lation, was also inhibited by OPC-31260 at the same doses
(unpublished data). Furthermore, OPC-21268, which we
recently reported to be a highly selective V, receptor antago-
nist (Yamamura et al., 1991), inhibited AVP binding to kidney
membranes only at concentrations over 10~4M. These results
indicate that the number of V, receptors present in the kidney
preparation, if any, is very small and that therefore the AVP
binding was to V, receptors.

Recently, it was reported that, the V, receptor antagonist
SK&F 101926 is devoid of diuretic activity and is a full anti-
diuretic in human volunteers (Dubb et al., 1987). One reason
for these results is that SK&F 101926 may possess partial
antidiuretic agonist activity. Indeed, other V, receptor antago-
nists such as d(CH,)s;Tyr(Et)VAVP have antidiuretic agonist
activities in some cases. For example, in water-loaded,
alcohol-anaesthetized rats, d(CH,)sTyr(Et)VAVP produced a
transient antidiuretic activity and then inhibited antidiuretic
responses to exogenous AVP. This transient antidiuretic
action is derived from its intrinsic partial agonist activity.

To study whether OPC-31260 possesses partial agonist
activity, we examined the effect of OPC-31260 in water-
loaded, alcohol-anaesthetized rats and in Brattleboro rats.
OPC-31260 at doses from 0.03 to 1 mgkg™! in water-loaded,
alcohol-anaesthetized rats, did not change urine flow or urine
osmolality. Furthermore, urine flow, water intake and urine
osmolality of OPC-31260-treated Brattleboro rats did not
demonstrate significant differences from vehicle-treated rats.
Similar results were obtained in indomethacin-treated
hydrated dogs (our unpublished data). Thus, these results
suggest that OPC-31260 does not possess partial agonist
activity.

Table 2 Comparison of effects of OPC-31260 and standard diuretics on urine volume, osmolality and urinary sodium excretion in

normally hydrated conscious rats

Urinary sodium

Dose Urine volume Urine osmolality excretion .
Compound (mgkg™?) (ml 4-h7?Y) (mOsmkg™?) (mEq 4-h™?)
Control (5% Arabic gum) 1.8 +05 1045 + 252 0.165 + 0.088
OPC-31260 1 28 +0.2 755 + 116 0.153 + 0.038
3 48 + 0.6 426 + 43** 0.304 + 0.018
10 150 + 3.4** 300 + 26** 0.550 + 0.073**
30 319 + 5.5* 173 4 27** 0.905 + 0.075**
Furosemide 3 28+02 504 + 52** 0.159 + 0.030
10 14.1 £+ 1.9** 393 4 37** 1.388 + 0.205**
30 19.4 + 1.9** 343 + 16** 2.032 1 0.174**
100 242 + 1.2%* 337 + 14** 2.530 + 0.138**
Hydrochlorothiazide 1 42+ 0.6 871 + 59 0.534 + 0.073*
10 70 + 1.1* 833 + 105 0.922 + 0.056**
30 7.5+ 08* 756 + 66 1.092 1 0.092**
Spironolactone 50 27+05 952 + 136 0.339 + 0.042
150 6.6 +2.3* 634 + 107 0.554 + 0.129**

Values are means + s.e.mean, n = 4 or 5: * P < 0.05; ** P < 0.01 versus control.
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OPC-31260 is effective by oral administration. In normal
hydrated conscious rats, oral OPC-31260 administrations at
doses of 1 to 30mgkg~! produced increases in urine volume
and decreases in urine osmolality, dose-dependently. This
result demonstrated that OPC-31260 is the first active oral
aquaretic.

When compared with other traditional diuretic agents, the
diuretic effect of OPC-31260 is strikingly different. Traditional
diuretics increase sodium excretion concomitant with water
excretion. While OPC-31260 selectively increased the excre-
tion of water rather than that of sodium and urine, osmolality
fell below the plasma osmolality level at some doses. This
result may be therapeutically useful for treatment of disease
states associated with excessive vasopressin and/or excessive
body water e.g. syndrome of inappropriate excretion of ADH
(SIADH), hyponatremia and congestive heart failure.
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Formoterol and salbutamol inhibit bradykinin- and

histamine-induced airway microvascular leakage in guinea-pig

1C. Advenier, Y. Qian, J-D. Law Koune, M. Molimard, *M-L. Candenas & E. Naline

Laboratoire de Pharmacologie, Faculté de Médecine Paris-Ouest, 15, rue de ’Ecole de Médecine, F-75270 Paris Cedex 06,

France and *Centro de Productos naturales Organicos “Antonio Gonzalez”, Instituto Universitario de Bio-Organica,
Universidad de La Laguna, Carretera de la Esperanza, 2, 38206 La Laguna, Tenerife, Spain

1 The effects of the f,-adrenoceptor agonists, salbutamol and formoterol, on the increase of micro-
vascular permeability induced by histamine or bradykinin in guinea-pig airways have been studied in vivo.
Extravasation of intravenously injected Evans blue dye was used as an index of permeability. The effects
of salbutamol and formoterol on the increase in pulmonary airway resistance induced by histamine or
bradykinin have also been studied.

2 The increase in pulmonary airway resistance induced by histamine or bradykinin was totally inhibited
by salbutamol and formoterol. The ED,, of the two mediators were 0.59 + 0.21 (n = 5) and 0.20 + 0.14
(n=>5) pgkg ! respectively for salbutamol, and 0.13 + 0.12 (n = 6) and 0.02 + 0.01 (n=6) ugkg™!
respectively for formoterol.

3 Salbutamol (10 and 30 ugkg™!) and formoterol (1 and 10ugkg™?) inhibited the increase of micro-
vascular permeability induced by histamine (30 ugkg~") in the guinea-pig airways. The inhibitory effect
was predominant in the trachea and the main bronchi, with a maximum inhibition of 20 to 50%. The two
drugs had little or no inhibitory effect on the other structures studied, viz. nasal mucosa, larynx, proximal
and distal intrapulmonary airways.

4 Salbutamol and formoterol (1 and 10 ugkg™') abolished the increase in microvascular permeability
induced by bradykinin (0.3 ugkg™!). This inhibitory effect of two B-adrenoceptor stimulants was predomi-
nant in the trachea and the nasal mucosa where it was observed with 1 ugkg™! of the B-adrenoceptor
agonists. In the main bronchi, and in the proximal and distal intrapulmonary airways, the effects of
bradykinin were abolished by 10 ugkg ™! of formoterol and salbutamol.

5§ The effects of bradykinin, but not those of histamine, were significantly reduced (nasal mucosa, main
bronchi and distal intrapulmonary airways) or abolished (trachea, proximal intrapulmonary airways) by
morphine 10mgkg™!, i.v. These results suggest that an indirect effect, through non-adrenergic non-
cholinergic (NANC) nerves is involved in the action of bradykinin on the microvascular permeability.

6 In conclusion, intravenously injected B-adrenoceptor stimulants can inhibit, partially or totally, the
increase of airways microvascular permeability induced by intravenous histamine or bradykinin.
However, these effects require doses that are higher than those that inhibit the increase in pulmonary
airway resistance induced by these mediators. As suggested by the results obtained with morphine, the
higher efficacy of B,-adrenoceptor agonists versus bradykinin may occur through activation of presynap-
tic receptors of the non-adrenergic non-cholinergic (NANC) nerves preventmg release of inflammatory
neuropeptides such as substance P and neurokinin A.

© Macmillan Press Ltd, 1992

Keywords: Histamine; bradykinin; salbutamol; formoterol; vascular permeablhty; plasma exudation; plasma leakage; airway
oedema; asthma
Introduction airways, bradykinin is the mediator that is most consistently

Bradykinin (BK) is a naturally occurring inflammatory non-
apeptide which is generated either by cleavage of a low molec-
ular weight kininogen by tissue kallikrein or by activation of
the plasma proteolytic cascade (Regoli & Barabe, 1980); it
may be an important mediator of inflammatory airway dis-
eases such as asthma (Fuller et al., 1987; Barnes et al., 1988)
or allergic rhinitis (Proud et al, 1983; 1988). Asthmatic
patients have elevated kinin concentrations in plasma (Abe et
al., 1967) and in nasal and bronchoalveolar lavage fluid after
antigen challenge (Baumgarten et al., 1985; Christiansen et al.,
1987). Both intravenous and inhaled bradykinin cause bron-
choconstriction in asthmatic, but not in normal subjects
(Simonsson et al., 1973; Newball et al., 1975; Fuller et al,
1987; Polosa et al., 1990). Bradykinin causes not only bron-
choconstriction but also stimulation of sensory nerves
(Kaufman et al., 1980; Dixon & Barnes, 1989), increase of
mucus secretion (Davies et al, 1982) and airway micro-
vascular leakage with oedema formation (Saria et al., 1983;
Rogers et al., 1990), which may be relevant to asthma
(Persson, 1987; Chung et al, 1990). Concerning the upper

! Author for correspondence.

increased in nasal lavages from patients with nasal symptoms
associated with rhinovirus colds (Naclerio et al., 1987). In
addition bradykinin and histamine levels are increased in
nasal secretions from individuals with allergic rhinitis (Proud
et al., 1983).

Conflicting results have been reported concerning the effects
of B-adrenoceptor stimulants on the increase of microvascular
permeability induced in the airways by various mediators.
Erjefilt & Persson (1986) have shown that terbutaline attenu-
ates histamine- and leukotriene D, (LTD,)-induced micro-
vascular leakage in cat and guinea-pig trachea, whereas
Boschetto et al. (1989) have found that salbutamol has no
effect on the action of the platelet activating factor (PAF).
More recently, Norris et al. (1990) have reported that salbuta-
mol inhibits neurogenic inflammation in the rat trachea, while
Tokuyama et al. (1991) have demonstrated that inhaled for-
moterol and salbutamol reduce the histamine-induced airway
microvascular leakage in guinea-pigs.

The purpose of this study was to evaluate and compare the
effects on airway microvasculature of two p-adrenoceptor
stimulants, salbutamol and formoterol, against the effects of
intravenous bradykinin and histamine. Formoterol is a new
B,-adrenoceptor agonist which has been shown to be more
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potent than salbutamol and, when given by inhalation, acts
for 12h compared with 4h for salbutamol (Lofdahl &
Svedmyr, 1989; Becker & Simons, 1989; Wallin et al., 1990;
Malo et al., 1990). We have also compared the effects exerted
by salbutamol and formoterol on increased microvascular
permeability with their effects on increase of airway resistance
induced by histamine and bradykinin.

Methods

Measurement of airway resistance

Tricoloured guinea-pigs weighing from 04 to 0.6kg were
anaesthetized with urethane (1.25gkg™!, i.p.). A cannula was
inserted into the trachea and the animals were allowed to
breath spontaneously. Pulmonary airway resistance (R ,w) was
determined according to the methods of Amdur & Mead
(1958) and Advenier et al. (1972). Transpulmonary pressure
was measured by needle pleural puncture, and airflow and
tidal volume by plethysmography. All values were contin-
uously recorded on a 7700 Hewlett Packard recorder.

The action of formoterol or salbutamol on the broncho-
constriction induced by histamine or bradykinin was tested on
groups of 4 to 6 guinea-pigs, one group for each broncho-
constrictor and each substance. Each animal received 2-3 i.v.
doses of histamine (30 ugkg~!) or bradykinin (0.3 ugkg™?) at
intervals of 15min and the mean response was calculated.
Formoterol (0.03 to 1ugkg™') or salbutamol (0.1 to
3ugkg™!) were then administered i.v., and one of the medi-
ators was injected once more Smin after each dose. The
results are expressed as percentage changes of the initial
effects.

Basal values of pulmonary resistance were 047
+ 0.07cmH,Oml~'s™! (n = 22). Histamine (30 ugkg™"') and
bradykinin (0.3 ugkg™!) doses were chosen to raise airway
resistance by 80 to 200%.

In experiments with bradykinin, all animals were pretreated
with captopril (5Smgkg™!) 15min before the beginning of the
experiment to block bradykinin metabolism (Ichinose &
Barnes, 1990a) and potentiate its effects.

Measurement of airway microvascular leakage

Vascular permeability was quantified by the extravasation of
Evans blue dye, which correlates well with extravasation of
radiolabelled albumin in the skin (Udaka et al., 1970) and
airways (Rogers et al., 1989). Tricoloured guinea-pigs weighing
0.4 to 0.6kg were anaesthetized with urethane (1.25gkg™?,
i.p.). A jugular vein was cannulated to inject drugs.

At time 0, saline (1 mlkg™!), formoterol (1 or 10 ugkg™?),
salbutamol (1 to 30 ugkg~') or morphine (10mgkg™!) was
injected followed, 4 min later, by Evans blue dye (30 ugkg™?).

After a further 1min, saline (1mlkg™!), bradykinin
(0.3ugkg™") or histamine (30 ugkg™') were injected; Smin
later, the thorax was opened and a blunt-ended, 13-gauge
needle passed into the aorta. The ventricles were cross-
clamped and blood was expelled through an incision in the
right atrium at 80 mmHg pressure with about 100ml saline
(pH 5.5), in order to remove the intravascular dye from the
systemic and pulmonary circulations (Evans et al., 1988; Jin et
al., 1988; Ichinose & Barnes, 1990b) until the perfusate was
clear. The lungs were then removed. The connective tissues,
vasculature, and parenchyma were gently scraped, and the
airways were divided into four components: lower part of
trachea, main bronchi, and proximal (the proximal 3 mm
portion) and distal intrapulmonary airways (Udaka et al.,
1970; Rogers et al., 1989). Samples of mucosa and of larynx
were also removed and prepared under similar conditions.
The tissues were blotted dry, placed in preweighed tubes, and
reweighed, and their dye content was extracted in formamide
at 37°C for 18h. Dye concentration was quantified by light
absorbance at 620nm (DCP spectrophotometer, Vital, 6907
AC Dieren, Holland) and its tissue content (ng dye mg~! wet
wt tissue) was calculated from a standard curve of dye concen-
trations in the 0.5 to 10 ugml~! range.

The doses of histamine (30ugkg~™!) and bradykinin
(0.3 ugkg™') were chosen from preliminary experiments and
gave 30 to 70% of maximal effect (Table 1). In experiments
with bradykinin, all animals were pretreated with captopril
(5mgkg™") 15min before the beginning of experimentation to
block bradykinin metabolism (Ichinose & Barnes, 1990a) and
potentiate its effects (Table 1). Time to remove tissues was
chosen in agreement with Boschetto et al. (1989) who have
shown that the maximal (but non significant) effect of f,
agonist (salbutamol) against PAF (platelet-activating factor)
was observed 5 min after administration and with Rogers et al.
(1990) who have shown that bradykinin-induced leakage was
maximal in all airways after 5 min.

Drugs

The drugs used were: bradykinin (gift of Professor Regoli,
Sherbrooke, Canada), formoterol (Ciba Geigy, Paris, France),
salbutamol sulphate, histamine hydrochloride, formamide,
Evans blue dye (Sigma, St. Louis, U.S.A.), captopril (Squibb,
Paris, France), urethane (Prolabo, Paris, France), morphine
hydrochloride (Pharmacie Centrale des Hopitaux, Paris,
France). All drugs were dissolved in distilled water and then
diluted in saline.

Statistical analysis of results

Data are expressed as mean + s.e.mean. Statistical analysis of
the results was performed by analysis of variance and/or

Table 1 Effects of histamine (30 and 150 ugkg™ ") and bradykinin (BK) (0.1 to 1 ugkg™") on vascular permeability in guinea-pig airways

Proximal Distal
Nasal Main intrapulmonary  intrapulmonary
n mucosa Larynx Trachea bronchi airways airways
NaCl solution (0.9%) 6 11.1+12 26+ 04 126 + 1.0 294 + 3.5 294 + 4.6 251+ 19
Histamine (30 ugkg™?) 7 267+43F 191+23t 778+27F 1003 + 5.8% 61.3 + 3.5% 438 + 2.2}
Histamine (150 ugkg™?') 6 776+ 168§ 658 +9.8%t 1233+ 11.5% 1435+ 1437 129.7+9.2¢ 116.7 + 8.2
BK (0.3 ugkg™!) 6 81+13 118 +£25§ 320+ 3.3t 512+ 7.1§ 55.4 + 6.4§ 30.5+ 2.6
Captopril (Smgkg™!) 8 200+14f 313+28F 540+3.7¢ 63.3 + 4.3} 622 + 3.2 60.6 + 3.9%
Captopril (Smgkg™') + BK (0.1 ugkg™") 4 287+23* 242425 50.1 + 1.8 703 + 85 634 + 8.7 571+ 5.6
Captopril (5mgkg™!) + BK (0.3pugkg™!) 6 50.7+60° 339169 89.1 + 7.5* 1382+ 10.7° 1443 +123° 114.7 + 11.2°
Captopril (Smgkg™1) + BK (Lugkg™!) 6 636+77° 667+90" 1144+83* 1535+ 131> 162.1+213" 136.7 + 18.1*

Results are mean + s.e.mean. Values expressed as ng of Evans blue dye per mg of wet tissue.

n = number of guinea-pigs per group.

Significant differences from NaCl 0.9% solution (histamine, bradykinin or captopril) are shown as: §P <005, P <001 and

$P <0001

Significant differences from captopril alone (captopril + bradykinin) are shown as: * P < 0.01 and ® P < 0.001.
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Student’s ¢ test. Probability values of P < 0.05 were con-
sidered significant.

Results

Pulmonary airway resistance

Figure 1 shows the dose-response curves of salbutamol and
formoterol against the increases of pulmonary airway resist-
ance induced by bradykinin (0.3 ugkg™! in the presence of
captopril) or histamine (30ugkg~!). Both B-adrenoceptor
stimulants exerted dose-dependent inhibitory effects of up to
100% on bradykinin- and histamine-induced broncho-
constriction. In terms of potency, the ED, values of salbuta-
mol and formoterol (Table 2) showed that these drugs were
respectively 3.0 and 6.3 times (but non significantly) more
active against bradykinin than against histamine and that for-
moterol was more potent than salbutamol (but non
significantly) against histamine (4.5 times) and bradykinin (10
times).

100 - 3-

|/ o/

T T Y T T T

0.03 0.1 0.3 1 10
Bo-Agonist (ng kg™")

Figure 1 Inhibition by salbutamol ((J, O) and formoterol (ll, @) of
the pulmonary airway resistance increase induced by histamine (7],
W) (30ugkg™!, iv.) or bradykinin (O, @) (0.3ugkg™", iv.) in the
anaesthetized guinea-pig. Experiments with bradykinin were per-
formed in the presence of captopril (5mgkg™!). Points represent
means (s.e.mean shown by vertical bars) of 4 to 6 animals.

Inhibition (%)

0.01

Table 2 ED,, of salbutamol and formoterol on the effects
of histamine and bradykinin on airway resistance in guinea-

pigs

Histamine n Bradykinin

n EDg, (ugkg™) ED;, (ugkg™")
Salbutamol 5 0.59 + 0.21 5 021 +0.14
Formoterol 6 0.13 +0.12 6 0.02 + 0.01

n = number of experiments. Values are mean + s.e.mean.

Microvascular leakage

Captopril 5mgkg~! induced a significant increase of micro-
vascular leakage in guinea-pig airways; this effect was not
modified by salbutamol; it was slightly, but significantly,
reduced by formoterol 10ugkg™! at the nasal mucosa level
(Table 3).

The effects of salbutamol and formoterol on the increases of
microvascular permeability induced by histamine and brady-
kinin at different sites of the respiratory tract are shown on
Figures 2 and 3.

In experiments conducted with histamine (Figure 2), the
most pronounced inhibitory effects of the two f-adrenoceptor
stimulants were observed in the trachea and the main bronchi.
In the trachea, formoterol (1 and 10 ugkg™!) and salbutamol
(10 and 30ugkg™!) exerted similar effects, reducing by a
maximum of about 30 to 40% the increase in microvascular
permeability induced by histamine. In the main bronchi, the
effects of formoterol (10 ugkg~!) were significantly (P < 0.01)
more pronounced than those of salbutamol (30 ugkg™') with
maximum inhibitions of 50% and 19% respectively. In the
proximal intrapulmonary airways the inhibitory effect of sal-
butamol was observed only with the higher dose. Both drugs
were devoid of inhibitory effects in the distal intrapulmonary
airways and in the larynx. In the nasal mucosa, only salbuta-
mol in doses of 30ugkg™! showed a significant inhibitory
effect against histamine whereas formoterol 10 ugkg™! signifi-
cantly increased the effects of histamine in a dramatic manner.

The inhibitory effects of salbutamol and formoterol on the
bradykinin-induced increase of microvascular permeability
(Figure 3) were more widely distributed through the respir-
atory tract than when histamine was the mediator, since these
effects were observed not only in the trachea, the main
bronchi and the proximal intrapulmonary airways, but also in
the distal intrapulmonary airways and the nasal mucosa. Fur-
thermore, the maximum effect of formoterol and salbutamol
versus bradykinin was greater than that observed with hista-
mine since the increase in microvascular leakage induced by
bradykinin was abolished by the f-adrenoceptor agonists at
1 ugkg™! in the nasal mucosa and trachea, and at 10 ugkg™!
in the bronchi. However at a concentration of 1 ugkg™!, these
drugs potentiated the effects of bradykinin in the larynx. In
contrast with the results obtained in experiments with hista-
mine, salbutamol and formoterol were almost equally potent
since they exerted their inhibitory effect in equivalent doses (1
and/or 10 ugkg™!); the only exception was the main bronchi
where salbutamol, but not formoterol, was significantly active
atadose of 1 ugkg™!.

In order to evaluate the influence of the non-adrenergic
non-cholinergic system on the effects of histamine and brady-
kinin, we studied the effects of morphine on the increase of
microvascular leakage induced by these two mediators (Table
4). In contrast with §,-adrenoceptor agonists (formoterol and
salbutamol), morphine 10mgkg~' did not modify the effects
of histamine or captopril alone on microvascular leakage in
guinea-pig airways. Conversely, morphine, except at larynx

Table 3 Effects of formoterol (10 ugkg™!), salbutamol (10 ugkg™!) on the effects of captopril on vascular permeability in guinea-pig

airways
Nasal
n mucosa Larynx
NacCl solution (0.9%) 6 1.1 +12 26 +04
Captopril (S5mgkg™!) 8 200 + 1.4% 313 +28%
Captopril (Smgkg™!) + 4 146 + 1.4 329 + 60
formoterol (10 ugkg™*)
Captopril (Smgkg™!) + 4 168 + 1.8 315+ 53

salbutamol (10 ugkg™")

Proximal Distal
Main intrapulmonary intrapulmonary
Trachea bronchi airways airways
126 + 1.0 294 + 3.5 29 + 4.6 251+ 19
540 + 3.7} 63.3 + 4.3% 62.2 + 3.2¢ 60.6 + 3.9t
503+ 1.9 64.2 +9.1 614 + 34 528 +49
540 + 8.8 66.6 + 5.7 66.3 + 8.8 69.8 + 11.1

Results are mean + s.e.mean. Values expressed as ng of Evans blue dye per mg of wet tissue.

n = number of guinea-pigs per group.

Significant differences from NaCl 0.9% solution (captopril alone) are shown as: 1 P < 0.001.
Significant differences from captopril alone (formoterol) are shown as: * P < 0.05.
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Figure 2 Histograms illustrating histamine (30 ugkg ™!, i.v.)-induced plasma exudation in guinea-pig airways. Responses to saline
(V) or to histamine (H) (1 min after Evans blue dye injection) after saline (V), formoterol (F) (1 and 10 ugkg™!, i.v.) and salbutamol
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shown. Significant differences from saline values: § P < 0.05; + P < 0.01; t P < 0.001. Significant differences from control histamine,
*P < 0.05; ** P <001; *** P < 0.001.
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Table 4 Effects of morphine on histamine, captopril and captopril plus bradykinin (BK)-induced plasma exudation in guinea-pig

airways
Proximal Distal
Nasal Main intrapulmonary  intrapulmonary
n mucosa Larynx Trachea bronchi airways airways
NaCl solution (0.9%) 6 111+2 26+04 126110 294 + 35 294 + 4.6 251+ 19
Histamine (30 ugkg™!) 11 21.1+44 240+32 789+6.1 113.8 + 8.1 87.5 + 127 535+ 6.0
Histamine (30 ugkg™!) + 6 232+48 332+58 688+60 1023+ 101 69.0 + 13.6 369 + 3.1*
morphine (10mgkg™?)
Captopril (Smgkg™?) 8§ 200+14 313428 540+37 633+ 43 622 + 3.2 60.6 + 3.9
Captopril (Smgkg™!) + 4 231431 344+18 625163 69.7 + 6.8 733 +22* 684 +29
morphine (10mgkg™?)
Captopril (Smgkg™!) + BK (0.3 ugkg™?) 6 507+60 339+69 89.1+75 1382 + 10.7 1443 + 123 1147 £ 11.2
Captopril (Smgkg™!) + 6 110+34° 382436 673+32° 86.0 + 2.4° 96.8 + 4.2° 66.9 + 4.4°

morphine (10 ugkg ~!) + BK (0.3 ugkg™")

Results are mean + s.e.mean. Values expressed as ng of Evans blue dye per mg of wet tissue.

n = number of guinea-pigs per group.

Significant differences from histamine, captopril or captopril plus bradykinin are shown as: * P < 0.05,® P < 0.01 and ¢ P < 0.001.

Table 5 Effects of propranolol on the effects of formoterol, salbutamol and bradykinin (BK) on vascular permeability in guinea-pig

airways
Proximal Distal
Nasal Main intrapulmonary  intrapulmonary
n mucosa Larynx Trachea bronchi airways airways

Captopril (Smgkg™!) + BK (0.3 ugkg™") 4 266+40 308+30 616+48 747+42 770 + 3.8 63.4 + 4.8
Propranolol (1 mgkg~™!) + S 184+43 353+45 626+38 877140 1104 + 5.8t 943 + 4.2t

captopril (Smgkg™') + BK (0.3 ugkg™?)
Propranolol (1 mgkg ') + captopril (Smgkg™') 5 209+19 384+23 71.1+54 873146 964 + 4.3 764 + 7.0

+ formoterol (10 ugkg™') + BK (0.3 ugkg™?)
Propranolol (1mgkg™') + captopril (Smgkg™!) 5 20.1+36 427+58 703+70 703470 106.1 + 5.1 96.3 + 6.2

+ salbutamol (10 ugkg™") + BK (0.3 ugkg™?)

Results are mean + s.e.mean. Values expressed as ng of Evans blue dye per mg of wet tissue.

n = number of guinea-pigs per group.

Significant differences from captopril plus bradykinin are shown as: + P < 0.01.

level, reduced (trachea, proximal intrapulmonary airways) or
abolished (nasal mucosa, main bronchi and distal intrapul-
monary airways) the effects of bradykinin on microvascular
leakage (Table 4).

Finally, Table 5 shows that propranolol (1 mgkg™!) signifi-
cantly potentiated the effects of bradykinin on vascular per-
meability in the proximal and distal intrapulmonary airways
and abolished the protective effects of formoterol 10 ugkg™*
and salbutamol 10 ugkg™".

Discussion

Our results confirmed that bradykinin induces a considerable
increase of microvascular permeability as already noted by
several authors (Saria et al., 1983; Erjefilt & Persson, 1986;
Laitinen et al., 1987; Ichinose & Barnes, 1990a,b; Rogers et
al., 1990). The effect of bradykinin on microvascular per-
meability in the trachea and intrapulmonary airways is imme-
diate and reaches its peak 5min after injection (Rogers et al.,
1990). It is triggered off by stimulation of bradykinin BK,
receptors, as indicated by the fact that it is inhibited by NPC
359 (D-Arg-[Hyp3-Thi*®-p-Phe’]-BK), a specific antagonist
of these receptors (Ichinose & Barnes, 1990b). However, the
effect of bradykinin must be more complex, being partially
inhibited by indomethacin, WEB 2086 and the diazepam-
hypnorm combination, which implies that cyclo-oxygenase
derivatives, PAF and stimulation of opioid receptors are con-
comitantly involved (Rogers et al., 1990). Bradykinin also
exerts a delayed effect with a peak at 1h, involving PAF
(Rogers et al., 1990). The bradykinin-induced increase of pul-
monary airway resistance in the guinea-pig or in asthmatic
subjects is also mediated by BK, receptors, but it implies, at
least in the guinea-pig, indirect effects through arachidonic
acid derivatives and cholinergic and NANC systems (Ichinose
et al., 1990; Polosa & Holgate, 1990). The effects of brady-

kinin in the nasal mucosa are probably BK, mediated, as sug-
gested by the study of Lyon et al. (1990) on sheep nasal
turbinate membranes.

In this study, two f,-adrenoceptor stimulants, salbutamol
and formoterol, inhibited the increase of microvascular per-
meability induced by histamine or bradykinin in the airways
of guinea-pigs. This inhibitory effect was found to be more
important versus bradykinin than versus histamine since the
effects of bradykinin were abolished by formoterol or salbuta-
mol, 1 and 10 ugkg™"', whereas those of histamine were only
partially inhibited. Furthermore, when bradykinin was the
mediator, significant inhibition extended to the nasal mucosa
and the distal intrapulmonary airways, which was not the case
with histamine as mediator. However, the effects of salbuta-
mol or formoterol on microvascular permeability were
obtained with doses that were much higher than those
required for inhibition of histamine- or bradykinin-induced
increase of pulmonary airway resistance.

Thus, the p-adrenoceptor stimulants, salbutamol and for-
moterol, exerted unequal effects against the increase of the
microvascular permeability induced by the two mediators. It
has recently been shown that even in doses of 150 ugkg™?,
intravenous salbutamol does not significantly reduce the
effects of PAF on microvascular permeability in the guinea-
pig (Boschetto et al., 1989). As regards histamine, our results
are very similar to those of Tokuyama et al. (1991) who
showed that inhaled salbutamol and formoterol can reduce by
20 to 50% the increase of microvascular permeability induced
by inhaled histamine, and that this action of f-adrenoceptor
stimulants is predominant in the trachea, the main bronchi
and the proximal intrapulmonary airways. In contrast, the
effects of bradykinin on microvascular permeability can be
inhibited completely by salbutamol and formoterol, as shown
in this study. Our results in this respect show that f-
adrenoceptor agonists are more efficient in the lung than in
the skin since Beets & Paul (1980) found that the maximal
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effect of local injections of p-adrenoceptor stimulants
(isoprenaline, salbutamol, fenoterol, terbutaline, orciprenaline)
versus the bradykinin-induced increase of microvascular per-
meability in guinea-pig skin was in the 40-50% range.

In order to explain why B-adrenoceptor stimulants inhibit
bradykinin completely and histamine partially, it may be sug-
gested that bradykinin acts directly on the vascular smooth
muscle and indirectly by releasing inflammatory mediators
from nerve fibres, and that f-adrenoceptor stimulants inhibit
this release. In support of the first point is the fact that brady-
kinin has been shown to act partly via the non-adrenergic
non-cholinergic (NANC) system with selective stimulation of
C-fibre afferent nerve endings and to induce the release of the
neuropeptide substance P and neurokinins (Ueda et al., 1984;
Geppeti et al., 1988; Saria et al., 1988), all substances which
increase the bradykinin-induced bronchoconstriction in dogs
and guinea-pigs (Kaufman et al., 1980; Saria et al., 1988; Ich-
inose et al., 1990). In asthmatic subjects, the ability of sodium
cromoglycate and nedocromil sodium to attenuate the
response of airways to bradykinin (Dixon & Barnes, 1989) has
been interpreted as an effect mediated by the C-fibres (Dixon
et al., 1980).

Concerning the increase of vascular permeability induced
by bradykinin, Rogers et al. (1990) have previously suggested
that it involves the neuromediators of the NANC system,
since this increase can be attenuated partially by opioid
(Diazepam-Hypnorm) anaesthesia which inhibits sensory
nerve activation. Our results with morphine, which reduced or
abolished the effects of bradykinin on microvascular per-
meability but did not modify those of histamine, clearly
support this hypothesis. Substance P and neurokinins A and
B released by the NANC system have proved to be potent
stimulants of microvascular leakage (Rogers et al., 1988;
Andrews et al., 1989).

As regards our second point (i.e. inhibition of the NANC
system by f-adrenoceptor stimulants), this mechanism is sug-
gested by the experiments of Norris et al. (1990) who showed
that intravenous salbutamol in doses of 10 and 100 ugkg™!
significantly inhibited the plasma protein extravasation
induced by antidromic stimulation of the cervical vagus nerve
in the rat trachea. Salbutamol 100 ugkg ™! was as efficacious
as morphine 3mgkg~?!, the inhibition of oedema reaching
61 + 14% and 66 + 14% respectively. These effects of morp-
hine and salbutamol might occur through activation of presy-
naptic receptors resulting in an inhibition of neuropeptide
release from sensory nerves, as shown for opioids by Frossard
& Barnes (1987) or by Belvisi et al. (1989). Inhibition of neuro-
peptide release through f-adrenoceptor stimulation can be
suggested but not proven, since f-adrenoceptor agonists may
inhibit the release of acetylcholine from postganglionic cholin-
ergic nerves in the airways (Vermiere & Vanhoutte, 1979,
Rhoden et al., 1988).
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Evidence that epithelium-dependent relaxation of vascular
smooth muscle detected by co-axial bioassays is not
attributable to hypoxia
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1 The present study was undertaken to examine further the contribution of hypoxia to airway
epithelium-dependent relaxation of rat aorta in the co-axial bioassay.

2 Endothelium-denuded rat aorta contracted with phenylephrine (0.05 uM) relaxed in a time-dependent
manner (f,=8.3 £ 0.4 min, n = 38) when the bathing solution was bubbled with 95% N, and 5% CO,.
In co-axial bioassays, the 7, for histamine (100 uM; guinea-pig trachea)- and methacholine (100 pM;
rabbit bronchus)- induced re’laxation was 1.9 £ 0.2 min (n = 14) and 1.2 £ 0.1 min (rn = 26), respectively.

3 Hypoxia-induced relaxation was not associated with a rise in intracellular guanosine 3':5’-cyclic
monophosphate (cyclic GMP). This contrasts with previous findings of an elevation in cyclic GMP
associated with epithelium-dependent relaxation of rat aorta in co-axial bioassays.

4 Hypoxia-induced vascular relaxation was antagonized by the ATP-sensitive K* channel blocker,
glibenclamide (100 uM). In contrast, glibenclamide (100 uM) failed to inhibit histamine (100 uM; guinea-
pig trachea)- and methacholine (0.1-100 pM; rabbit bronchus)-induced release of epithelium-derived
inhibitory factor (EpDIF), in co-axial bioassays. Glibenclamide (100 uM) antagonized BRL 38227
(lemakalin), but not isoprenaline-induced relaxation of phenylephrine-contracted rat aorta.

5 These data strongly suggest that the airway epithelium-dependent relaxant responses observed in
co-axial bioassays cannot be attributed to hypoxia.

Keywords: Epithelium-derived inhibitory factor (EpDIF); hypoxia; co-axial bioassay; glibenclamide

Introduction

It is well established that the sensitivity of airway smooth
muscle preparations from various animal species to some
spasmogens, is significantly increased by removal of the epi-
thelium (Flavahan et al., 1985; Barnes et al., 1985; Goldie et
al., 1986; Hay et al., 1986). Similar data have also been
obtained in human tracheal and bronchial preparations (Rae-
burn et al., 1986; Aizawa et al., 1988; Fernandes et al., 1990;
Knight et al., 1990). Furthermore, Jeffery et al. (1989) have
recently demonstrated a positive correlation between the
extent of bronchial epithelial damage and the degree of air-
way hyperresponsiveness to inhaled methacholine in asthma-
tic patients, although not all asthmatics demonstrate
epithelial cell damage (Lozewicz et al., 1990). Such epithelium-
dependent responsiveness has, in part, been attributed to the
epithelium acting as a significant barrier to mucosal penetra-
tion of airway spasmogens (Holroyde, 1986, Undem er al.,
1988). It has also been suggested that the loss of epithelium-
derived inhibitory factor(s) (EpDIF) may contribute to this
phenomenon (Vanhoutte, 1988; Farmer, 1988; Goldie e al.,
1990; Raeburn, 1990).

Attempts to bioassay a non-prostanoid airway smooth
muscle relaxant, EpDIF, from superfused guinea-pig trachea
have failed (Holroyde, 1986; Undem et al., 1988), although
such a factor has been reported to be released from canine
bronchus (Vanhoutte, 1988). In contrast, the release of a
vasoactive EpDIF in response to histamine and methacholine
has been detected in several studies using a co-axial bioassay
technique (Ilhan & Sahin, 1986; Guc et al., 1988; Fernandes
et al., 1989; Spina & Page, 1991). Extensive pharmacological

! Author for correspondence

assessments of this factor released by guinea-pig trachael
epithelium (Fernandes & Goldie, 1990) and rabbit bronchial
epithelium (Spina & Page, 1991) have failed to define its
nature, although a preliminary study indicated that guinea-
pig tracheal EpDIF-induced relaxation of rat aorta was
mediated via activation of guanylate cyclase and the subse-
quent increase in the intracellular levels of guanosine-3':5'-
cyclic monophosphate (cyclic GMP; Hay et al., 1989).

The precise nature of this non-prostanoid, vasoactive
EpDIF remains the subject of debate. The present investiga-
tion was designed primarily to assess the possibility that
vascular relaxation responses produced in co-axial bioassay
assemblies utilizing guinea-pig trachea or rabbit bronchus are
artifactual. In particular, we were interested to investigate
whether such responses might be due to hypoxia-induced
decreases in vascular tone as recently suggested by Gunn &
Piper (1990a,b). The influence of hypoxia on cyclic nucleotide
levels in rat aorta in such co-axial assemblies was also
assessed.

Methods

Vascular tissue preparation

Male Wistar rats (200—-300 g) were killed by stunning and
exsanguination and the thoracic aorta removed, opened and
cross-cut or spiral preparations (7-8 mm in length) were
obtained as previously described (Fernandes er al., 1989).
The endothelium was removed by gentle rubbing of the
mucosal surface with a cotton wool coated probe. Initially,
pharmacological verification of the removal of the endo-
thelium, as assessed by the absence of relaxation in response
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to histamine (100 uM), was performed. Cross-cut and spirally
cut preparations were suspended under 500 mg and 1 g ten-
sion respectively, in an organ bath containing Krebs-Hense-
leit solution aerated with 95% O, and 5% CO, at 37°C.
Before the start of each experiment tissues were equilibrated
for 45-60 min with changes of bath fluid every 15min.
Changes in the isometric tension were measured with a Grass
force-displacement transducer (FTO3C) and recorded on
Rikadenki pen recorders, Grass polygraph recorders or
Lectromed recorders. In all experiments, the Krebs-Henseleit
solution also. contained the cyclo-oxygenase inhibitor, indo-
methacin (5 uM). The B-adrenoceptor antagonist, propranolol
(1 pM) was also present in experiments involving spiral pre-
parations.

Effects of hypoxia

Functional studies Endothelium-denuded cross-cut prepara-
tions of rat aorta were contracted with (—)-phenylephrine
(0.05 uM). Once the contractile response had reached plateau,
tissues were bubbled with 95% N, and 5% CO, and changes
in isometric tension monitored over a 25 min period. Pre-
parations were then washed 3 times over a 15 min period and
bubbled with 95% O, and 5% CO, for 30 min. Following
this period, tissues were incubated with 0.5% dimethylsulph-
oxide (DMSO) or glibenclamide (100 uM) for 30 min before
re-exposure to phenylephrine (0.05 uM). It was noted that the
response to phenylephrine was reduced after glibenclamide
(3.5 fold (confidence limits, CL: 2.7-4.4) increase in ECs;
small decrease in maximum response: control =352 % 16,
test =330+ 20 mg, n =15, P<0.05) and to a lesser extent
after DMSO (2.1 fold (CL, 1.6-2.8) increase in ECs; no
effect on maximum response). Accordingly, if required, the
bath concentration of phenylephrine was increased until the
contractile response was of a magnitude similar to that
observed before incubation with DMSO or glibenclamide. At
plateau response, the preparations were once again bubbled
with 95% N, and 5% CO, and responses monitored over a
25 min period, after which the baths were bubbled with 95%
0, and 5% CO, and the tissues washed 5 times over a 15 min
period, then allowed to equilibrate for a further 45 min. This
procedure was repeated a third time in Krebs-Henseleit solu-
tion free of DMSO or glibenclamide

Biochemical experiments Spiral aortic strip preparations
were initially exposed to phenylephrine (0.2 pM) and then
washed. Following a 30 min equilibration period, vascular
preparations were exposed to phenylephrine (0.05 uM) and at
a plateau response, a 200 pl aliquot of bath fluid was taken
up in a plastic syringe which was sealed and kept on ice for
up to 30 min before the pH and PO, was determined with a
blood gas analyzer (Radiometer ABL 330, Copenhagen, Den-
mark). In some baths, a bathing fluid sample was also taken
after bubbling with 95% O, and 5% CO, for 30 min, while
samples were taken from other baths after tissues were bubb-
led with 95% N, and 5% CO, for 3, 10 or 30 min. The use of
a drop-away bath chamber enabled spiral strips to be flash-
frozen quickly at each of the time points, with Wollenberger
tongs that had been precooled in liquid N,. Isometric force
was recorded until freezing. Frozen tissues was stored at
—70°C until required for the determination of vascular cyclic
GMP. Briefly, 1.5 ml of cold (0°C) 10% trichloroacetic acid,
containing approximately 4000 c.p.m. [*H]-cyclic GMP added
as a tracer for recovery determinations, was added to a cold
ground glass homogenizing tube containing frozen tissue.
The tissue was then homogenized with a motor-driven
ground glass pestle. Precipitated protein was separated from
the soluble extract by centrifugation at 3000 g for 20 min at
4°C and the supernatants collected. Trichloroacetic acid was
removed from the sample with 5 successive ether extractions
(Brooker et al., 1979). Concentrations of cyclic GMP in the
tissue extracts were determined with commerically available
assay kits (DuPont, New England Nuclear, Boston, MA,

U.S.A)) after acetylation by the radioimmunoassay method
of Brooker et al. (1979). Cyclic nucleotide content was cor-
rected for percentage of recovery (70-95%) and expressed as
fmol of cyclic nucleotide per mg of protein. A separate
standard curve was run in duplicate with each set of samples.

Co-axial bioassay experiments

Guinea-pig trachea Male guinea-pigs (SR/C Tricolour)
weighing 450-500 g were killed by cervical dislocation and
the trachea removed, dissected free of surrounding tissue and
cut into tube segments approximately 7 mm in length. Aortic
preparations were contracted with phenylephrine (0.05 uM)
and challenged with histamine (100 um). The failure of these
preparations to relax in response to histamine provided phar-
macological verification of the absence of endothelium. After
equilibration for 45min, the aortic preparations were
contracted with phenylephrine (0.05 uM) and once the con-
traction had reached plateau, the aortae were mounted in
co-axial assemblies within guinea-pig trachael tube segments
as previously described (Fernandes er al., 1989). Histamine
(100 uM) was then added to the bath in the absence or
presence of DMSO or glibenclamide (100 uM). In some pre-
parations, a further challenge with phenylephrine (0.05um)
was required to achieve a level of tone similar to that which
was observed before glibenclamide treatment.

Rabbit bronchus White New Zealand rabbits of either sex
were killed with an overdose of pentobarbitone (90 mg kg~').
The lungs were quickly removed and placed in oxygenated
ice-cold Krebs-Henseleit solution. Intrapulmonary bronchi
(2-3 mm, i.d.) were removed from the lung, cleared of alveo-
lar parenchymal tissue and blood vessels and cut into 7 mm
long tube segments.

Bronchial segments were positioned in the organ bath
above the aortic preparations which were suspended under
500 mg tension as described above and allowed to equilibrate
for 30 min. Rat aorta was exposed to phenylephrine (0.2 uM)
and the absence of a functional endothelium verified pharma-
cologically as outlined above. Following a further 35 min
equilibration period, the aorta was positioned inside the
bronchial tube and allowed to equilibrate for a further
10 min as described previously (Spina & Page, 1991). The
vascular preparation was then precontracted with phenyle-
phrine (10 uM) in the absence or presence of 0.5% DMSO or
glibenclamide (100 pM) and challenged with cumulative doses
of methacholine (0.1-100 pm). In some preparations, a fur-
ther challenge with phenylephrine (10 uM) was required to
achieve a level of tone similar to that which was observed
before glibenclamide treatment. A third cumulative concen-
tration-effect curve to methacholine was constructed in the
same tissues 45 min after DMSO or glibenclamide (100 um)
had been removed from the bathing fluid.

Functional experiments

Concentration-effect curves to the contractile agonist phen-
ylephrine (1 nM—1 pM) and the relaxant agonists isoprenaline
(0.3nM-10uM) and BRL 38227 (10 nM-3 uM) were con-
structed in the absence or presence of DMSO or glibencl-
amide (100 uM). In the case of the relaxant agonists,
concentration-effect curves were superimposed on phenyle-
phrine (0.05 pM)-contracted tissues.

Statistical analysis

Unless otherwise stated, numerical data are expressed as
arithmetic mean * s.e.mean. The effects of glibenclamide and
DMSO on hypoxia-induced relaxation were assessed by com-
puter assisted planimetry measurements of the area under the
% relaxation vs time curve (AUC mm?). Two-way analysis of
variance with the Greenhouse-Geisser correction for repeated
measures (Wallenstein et al., 1980) was used to assess the



data for AUC and hypoxia-induced reversal of phenylephrine
tone. The time taken for relaxation responses to achieve 50%
of maximal relaxation (#;) was also measured. The effect of
hypoxia on cyclic nucleotide levels, bath PO, and pH were
assessed by one-way analysis of variance. Agonist potency
was expressed as geometric mean concentrations producing
50% maximal response (ECs), with 95% confidence limits
(CL). The magnitude of contractile respones is expressed as a
% of the maximum contraction, whereas the magnitude of
relaxation responses is expressed as % reversal of spasm-
ogen-induced tone (% E,,). Paired or unpaired Student’s ¢
test and Mann-Whitney U test were used to analyze differ-
ences in means. Where multiple comparisons were made,
either a Bonferroni correction was used or the Newman-
Keuls test was used (Wallenstein ez al., 1980) and considered
significant at the 0.05 level.

Drugs

Drugs used in this study were obtained from the following
sources: histamine hydrochloride, indomethacin, isoprenaline
hydrochloride, methacholine hydrochloride, glibenclamide,
dimethylsulphoxide (DMSO), propranolol hydrochloride
(Sigma); BRL 38227 (lemakalim, SmithKline Beecham Phar-
maceuticals, U.K.). Krebs-Henseleit solution consisted of
(mM): NaCl 117.6, KCl 5.4, NaHCO,; 25, KH,PO, 1.03,
MgSO, 0.57, D-glucose 11.1 and CaCl, 2.5. Isoprenaline was
dissolved in 0.9% NaCl containing ascorbic acid 20 pg ml~!.
Indomethacin was dissolved in 0.5% Na,CO;. BRL 38227
was dissolved in 50% ethanol/polyethylene glycol. Glibenc-
lamide was dissolved in 100% DMSO. All other drugs were
dissolved in Krebs-Henseleit buffer or distilled water.

Results

Hypoxia and spasmagon-induced tone in rat aorta

Cross-cut aortic strips A time-dependent reversal of phenyl-
phrine (0.05 pM)-induced tone in rat aorta was observed
when the bathing solution was bubbled with 95% N, and 5%
CO, (Figure 1). The onset of relaxation had a latency of
approximately 5min. Area under the % relaxation versus
time curve over a 25 min period (AUC) was found to be
2868 * 135 mm’ (n=24) and the mean maximal relaxation
was 81 = 2% (n = 24) reversal of phenylephrine-induced tone
(Table 1). In the presence of glibenclamide, the hypoxia-
induced relaxation was inhibited as demonstrated by a signi-
ficant reduction in AUC (F,4 = 16.1, corrected P <0.01) and
maximum % relaxation (F,4 = 88.6, corrected P <<0.001;
Figure 1, Table 1). In contrast, DMSO treatment failed to
alter hypoxia-induced relaxation as assessed by measure-
ments of AUC (F,4 = 2.5, corrected P>>0.05), although a
small inhibitory effect on maximum % relaxation was
observed (F, 4 = 14.2, corrected P<0.01, Figure 1, Table 1).
Furthermore, attenuation of the hypoxia-induced relaxation
persisted following the removal of glibenclamide from the
bath (Figure 1, Table 1).

Spiral aortic strips Oxygen tension (PO,) in tissue baths
bubbled with 95% O, and 5% CO, was 580 % 13 mmHg
(n = 39). However, a significant reduction in bath Po, was
observed 3, 10 and 30 min after bubbling with 95% N, and
5% CO, (F335 =195, P<<0.001, Table 2) but this was not
associated with changes in bath fluid pH (F3;5=2.8,
P>0.05, Table 2). After 3 min hypoxia, there was no effect
on phenylephrine (0.05 uM)-induced tone, despite an approxi-
mately 80% reduction in bath PoO, (Table 2). In contrast,
significant reversal of phenylephrine-induced tone was
observed after 10 min (23 7%, P<0.01, Table 2) and
30 min (19 £ 4%, P<<0.01, Table 2) of hypoxia, when bath
Po, was reduced by approximately 80% also. No significant
alteration in the level of intracellular cyclic GMP was observ-
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Figure 1 Time course of hypoxia-induced relaxation of phenyleph-
rine contracted endothelium-denuded aortic cross-cut preparations of
the rat in the absence (O), or presence of (a) glibenclamide (100 um,
A) or (b) dimethylsulphoxide (DMSO, W). Responses were also
obtained in tissues which had been exposed to glibenclamide (A) or
DMSO (0O) followed by washout (after 45 min). Each point is the
mean of 12 observations; verticle bars shown s.e.mean.

Table 1 The effect of glibenclamide (100 uM) or solvent
dimethylsulphoxide (DMSO) on hypoxia-induced reversal of
phenylephrine-induced tone in endothelium-denuded cross-
cut aorta strips

AUC (mm?) % reversal of tone
Control 2683 + 195 8214
DMSO 3065 £ 194 75+3
Washout 2645 + 183 65+ 3*#
Control 3053+ 178 80+ 4
Glibenclamide 2042 £ 157** 64 1 3%*
Washout 1278 £ 217**+ 35 & S**4

Results expressed as mean + s.e.mean with n= 12 prepara-
tions for each group. Significantly different compared with
control (*P<0.05; **P<0.01), DMSO (#P<0.05) or
glibenclamide (1P <<0.01) (Neuman-Keuls test).

ed at any time point after induction of hypoxia (F;;5=0.8,
P<0.05, Table 2). In contrast, histamine or methacholine-
induced relaxation of rat aorta in co-axial bioassay was
associated with an elevation in cyclic GMP (Hay et al., 1989;
Spina et al., 1991).

Co-axial bioassay

Guinea-pig trachea When endothelium-denuded cross-cut
rat aortic preparations were suspended within the lumen of
epithelium-intact tubular segments of guinea-pig trachea in a
co-axial bioassay, histamine caused a 81X 5% (n=14),
reversal of phenylephrine-induced tone. There was no signi-
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Table 2 Effect of bubbling with 95% O, and 5% CO, for 30 min or 95% N, and 5% CO, for 3, 10 or 30 min on bath PO,, %
reversal of phenylephrine-induced tone and intracellular cyclic GMP levels in endothelium-denuded rat aortic spiral strips

95% O, and 5% CO,

Time 30 min 3 min
Bath PO, (mmHg)
Pre? 552+ 118 614 £ 31
Post® 573+ 27 108 + 13*
Bath pH (units)
Pre? 7.5210.02 7.49 £ 0.02
Post® 7.511£0.02 7.411£0.01
% reversal of phenylephrine-induced tone

08%0.38 1+1
Cyclic GMP (fmol mg=' protein)

291 £ 104 375175

(12 ()]

95% N, and 5% CO,

10 min 30 min
583+ 22 586 + 29
85+ 11* 88 + 7*
7.45%0.02 7.47 £0.02
7.41 1 0.01 7.4210.01
23+ 7# 19t 4#
150 + 43 596 + 306
®) (12)

Results expressed as mean % s.e.mean. Number of preparations are shown in parentheses.

® Pre refers to time 0, when the baths were bubbled with 95% O, and 5% CO,.

®Post refers to the time period for which the baths were bubbled with 95% O, and 5% CO; or 95% N, and 5% CO,.
Significantly lower bath PO, cf. pre control (* P <0.001, paired ¢ test). Significantly greater reversal of phenylephrine-induced tone in
tissue bubbled with 95% N, and 5% CO, cf. tissue bubbled with 95% O, and 5% CO, (30 min control; # P <0.01, Mann-Whitney U

test).

ficant difference between the histamine-induced reversal of
phenylephrine-induced tone in glibenclamide (100 pM, 45 min)
compared with DMSO-treated preparations (DMSO 89 + 8%,
n=17, vs glibenclamide 73 + 8%, n=7, P>0.05).

The 1, for relaxation of rat aorta under hypoxic conditions
was 8.8+ 0.5min (n=38) which was significantly longer
than that for the relaxation observed in co-axial bioassays
(t; =2.0 £ 0.2 min, n = 14, P<0.001, Table 3). Furthermore,
glibenclamide treatment failed to alter the #, of relaxation in
co-axial bioassay (Table 3). In contrast, under conditions of
hypoxia, the # for the relaxation of rat aorta was signi-
ficantly increased by glibenclamide (P<<0.05, Table 3).

Rabbit bronchus Methacholine (100 uMm) caused a 77 £ 6%
(n = 33) reduction in phenylephrine-induced tone in rat aorta
mounted within the lumen of epithelium-intact rabbit bron-
chus. There was no significant difference between the metha-
choline-induced reversal of phenylephrine-induced tone in
glibenclamide-treated (100 uM, 30 min) compared with DMSO-
treated preparations (DMSO 68 * 7%, n = 17, vs glibenclamide
66+ 8%, n=16, P>0.05). Nor was there a significant
difference between the relaxant potency of methacholine
(ECy) in glibenclamide-treated compared with DMSO-treat-
ed preparations (DMSO: ECs, = 2.27 uM; 95% confidence
limits, 1.6-3.3, n = 14, vs glibenclamide: ECs, = 2.0 pM; 95%
confidence limits, 1.5-2.0, n =14, P>0.05). Furthermore,
compared with control, the relaxation to methacholine was
not altered after DMSO (61 £ 4%, n=10, P>0.05) and
glibenclamide (73 £ 11%, n =11, P> 0.05) had been washed

out. In addition, relaxation of rat aorta in co-axial bioassay
(,=12%0.1min, n=26) was significantly shorter than
relaxation of rat aorta under hypoxic conditions (cf.
8.8 £ 0.5 min, P<<0.001).

Functional studies: rat aorta

Effect of glibenclamide on isoprenaline- and BRL 38227-induc-
ed relaxation Isoprenaline caused concentration-dependent
relaxation of phenylephrine (0.05 pM)-contracted rat aorta
(ECsy=100nM; % E,,, =861 3%, Table 4, Figure 2a).
There was no significant difference in the potency or % E,,,
of isoprenaline in glibenclamide (100 uM)-treated prepara-
tions (Table 4, Figure 2a). No loss of tissue sensitivity to
isoprenaline was observed after removal of glibenclamide
(Table 4, Figure 2a).

The K* channel activator, BRL 38227, also caused con-
centration-dependent relaxation of phenylephrine (0.05 uM)-
induced tone (ECs=46nM; % E,,, =78 £ 4%, Table 4,
Figure 2b). In the presence of glibenclamide (100 uM) the
maximum relaxation response to BRL 38227 (100 pM) was
significantly reduced compared with control (20 £ 9%, n =6,
P<0.05, Table 4, Figure 2b). In contrast, following removal
of glibenclamide (100 pM) the maximum relaxation response
to BRL 38227 was not significantly different from control
(75 7%, n=6, P>0.05, Table 4, Figure 2b), although the
relaxant potency of BRL 38227 remained markedly reduced,
by 354 fold (CL, 155-813, n =6, P<0.001, Table 4, Figure
2b), compared with control.

Table 3 Time to half maximal relaxation (#) in endothelium-denuded rat aorta induced by histamine in co-axial assemblies with
guinea-pig trachea or by bubbling with 95% N, and 5% CO, in rat endothelium-denuded aorta

t; (min)
Control DMSO Glibenclamide
(100 pM)

Co-axial preparation
Histamine (100 um) 20£02 23104N 1.8 £0.2N

n 14 7 7
Rat aorta alone
95% N, and 5% CO, 88+0.5 7.1x06N 11.9+0.6*

n 38 17 21

Results expressed as mean * s.e.mean. n = number of preparations tested.
*Significantly different cf. respective control (P<<0.001). Student’s paired (glibenclamide) or non-paired (DMSO) ¢ test.

NSNot significantly different from respective control (P>>0.01).



Table 4 Effect of glibenclamide (100 um) on the relaxant
potency (ECsp) and % reversal of phenylephrine-induced
tone (% Eg,y) to isoprenaline and BRL 38227 in endothe-
lium-denuded aorta of rat

Control Glibenclamide Washout n

Isoprenaline

ECs 100 nm 116 nm 108 nm 9
(59-168)  (51-261) (60-360)

% Emax 86+ 3% 80t 2% 82+t1% 9

BRL 38227

ECs 46 nM # 16.4 um* 6
(28-76) (10-26)

% Epax 78+ 4% 20 9%* 76+ 7% 6

Relaxant potency (ECs,) expressed as geometric mean and
values in parentheses represent 95% confidence limits.
Relaxant agonist-induced reversal of phenylephrine-con-
tracted aorta (% E,,) expressed as arithmetic mean and
s.e.mean of n preparations.

# - No ECsy value for BRL 38227 was obtained in the
presence of glibenclamide (100 um).

* Significant increase in the relaxant potency to BRL 38227
cf. control (P<<0.001, paired ¢ test).

* Significant reduction in reversal of phenylephrine-induced
tone (% Enay) cf. control (P<<0.05, Mann-Whitney U test).
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Figure 2 Effect of glibenclamide (100puM) on relaxation to (a)
isoprenaline or, (b) BRL 38227 in phenylephrine-contracted
endothelium-denuded aortic cross-cut preparations of the rat. Res-
ponses were also obtained in tissues which had previously been
exposed to glibenclamide followed by washout (after 45 min). Each
point is the mean of 9 (isoprenaline) and 6 (BRL 38227) observa-
tions; vertical bars show s.e.mean. Control (O); glibenclamide (A);
washout (A).

Discussion

We and others have previously demonstrated the apparent
release of a non-prostanoid inhibitory factor from airway
epithelium (EpDIF) using a co-axial bioassay (Ilhan & Sahin,
1986; Guc et al., 1988; Fernandes et al., 1989; 1990; Fernan-
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des & Goldie, 1990; Spina & Page, 1991). This has been
confirmed in the present study. However, controversy sur-
rounds the existence of EpDIF, due to the equivocal results
concerning the release and transfer of this factor using super-
fusion techniques (Holroyde, 1986; Undem et al., 1988; Van-
houtte, 1988). While the identity of EpDIF remains elusive, it
has been suggested that relaxant responses observed in co-
axial assemblies may be due to luminal hypoxia induced by
epithelial O, utilization which is exacerbated by spasmogen-
mediated tracheal narrowing (Gunn & Piper, 1990a,b). How-
ever, this hypothesis is not consistent with the inability of
certain airway smooth muscle spasmogens including leukotri-
enes C, and D,, and the calcium ionophore A23187, to
release EpDIF (Fernandes & Goldie, 1990). The present
study provides additional evidence to suggest that luminal
hypoxia does not appear to account for the spasmogen-
induced vascular smooth muscle relaxation observed in co-
axial bioassay assemblies using guinea-pig trachea or rabbit
bronchus. Thus, the K* channel blocker, glibenclamide,
inhibited vascular relaxation caused by hypoxia (95% N, and
5% CQO,), but not the epithelium-dependent relaxation of rat
aorta in co-axial preparations. Furthermore, an elevation of
cyclic GMP levels in rat aorta associated with the relaxation
was observed in co-axial bioassay preparations (Hay er al.,
1989; Spina et al., 1991) but not under hypoxic condition