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Human brain contains a metalloprotease that converts big
endothelin-1 to endothelin-1 and is inhibited by

phosphoramidon and EDTA
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Incubation of big endothelin-1 (bET-1) with protein derived from the detergent-extracted 100,000 g
pellet prepared from human brain tissue resulted in the formation of endothelin-1 (ET-1) at a rate of
90 fmol mg~' protein min~!. This formation was inhibited in a concentration-dependent manner by
either phosphoramidon or EDTA, with half-maximal inhibitory concentrations of 2 and 20 pM, respec-
tively. No conversion of big endothelin-3 (bET-3) to endothelin-3 (ET-3) was detected under the same
conditions. These results show the presence in the human brain of a metalloprotease-like enzymatic
activity which selectively converts bET-1 and ET-1. Together with earlier reports of mRNA for ET-1
this suggests the presence of the entire synthetic pathway for ET-1 in human brain.

Keywords: Endothelin-1; big endothelin-1; endothelin-3; big endothelin-3; buman brain; endothelin-converting enzyme; phos-
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Introduction Endothelin-1 (ET-1) was first discovered as a
potent vasoconstrictor peptide synthesized and released from
porcine endothelial cells (Yanagisawa et al., 1988). It is
believed that the synthesis of ET-1 involves the cleavage of
its precursor big ET-1 (bET-1) by a specific endothelin-
converting enzyme (ECE) (Ohnaka et al., 1990). This enzyme
is most probably a metalloprotease which is inhibited by
phosphoramidon, or the metal ion chelator, EDTA. It is
present in endothelial (Ohnaka et al., 1990; Okada et al.,
1990; Warner et al., 1992) and smooth muscle cells (Matsu-
mura et al., 1991), and we have found it also in rat brain
(Warner et al.,, 1992). Here we show that human brain
contains ECE activity.

Methods Preparation of subcellular fractions Human
cerebellum was obtained during a normal autopsy procedure,
and frozen and stored at — 80°C. After thawing the tissue
was homogenized in buffer A (HEPES 50 mM; NaCl 100 mM;
pH 7.4) and centrifuged (100,000 g, 1h). The particulate
fraction was resuspended in buffer A and treated with the
detergent CHAPS (20 mM, for 30 min) to remove membrane-
associated and solubilizable particulate proteins. After centri-
fugation (100,000 g, 1 h) the remaining pellet containing the
cytoskeletal fraction was resuspended in buffer A and
assayed for ECE activity. This fraction was used because the
cytoskeleton from rat brain contains the most clearly distin-
guishable metalloprotease-ECE (Warner et al., 1992).

Determination of ECE activity Protein (22.5 pg) from the
cytoskeletal fraction was incubated (37°C, 60 min), at pH 7.4
with bET-1 (human) or bET-3 (human) (135pmol) and
sometimes test inhibitors, in a total volume of 52.5ul. All
samples were incubated in duplicate in the absence and
presence of phosphoramidon (100 uM). The reaction was
stopped by the addition of a mixture of protease/peptidase
inhibitors (phenylmethylsulphonyl fluoride, 1 mM; leupeptin,
2 uM; pepstatin A, 1 uM) and EDTA (1 mM), to a total

' Present address: The William Harvey Research Institute, St.
Bartholomew’s Hospital Medical College, Charterhouse Square,
London, ECIM 6BQ, U.K.

2 Author for correspondence.

volume of 62.5 pl. The incubates were then rapidly frozen in
liquid N, and stored (max. 2h) at — 20°C. After rapid
thawing the amounts of ET-1/3 in each sample were assessed
by bioassay and ELISA (enzyme-linked immunosorbent
assay). Each ECE/bET-1/3 combination was assayed in tripli-
cate in each experiment. For ET-1/3 bioassay aliquots (12.5 pl)
of each sample were added to single wells of porcine kidney
epithelial (PK,) cells, grown to confluency in 12-well plates,
bathed in Locke buffer. After 4 min the incubation buffer
was removed and the reactions stopped by addition of 1 ml
ice-cold sodium acetate buffer (50 mM, pH 4.0). The samples
were quickly frozen with liquid N, (Ishii et al., 1991). The
amount of ET-1 or ET-3 present in the sample was then
calculated from the levels of guanosine 3':5-cyclic mono-
phosphate (cyclic GMP) produced in the PK, cells by known
amounts of ET-1 or ET-3 (Warner et al., 1992). In these cells
bET-1, at concentrations up to 100 nM, does not produce
significant elevations in cyclic GMP levels (Warner et al.,
1992). The ELISA for ET-1/3 used antibody directed against
the C-terminal fragment of ET-1/3 (ET-1/3(;_5,) with ap-
proximately 0.01% cross reactivity with bET-1 or bET-3.
Binding was detected by peroxidase-labelled goat anti-rabbit
IgG antibody using o-phenylenediamine-2HCI as a substrate.
The optical density of each well was measured at 490 nm
with a microplate reader (Bio-Tek model EL 311). The
amount of ET-1 or ET-3 formed in each incubation mixture
by metalloprotease enzyme-activity was calculated as the
difference between paired samples incubated with and with-
out phosphoramidon (100 uM).

Results The cytoskeletal fraction converted bET-1 to ET-1
as detected by either PK;-bioassay or ELISA. The rate of
conversion was 90 fmolmg~! protein min~' (mean of 3
ELISA and 2 bioassay determinations, each in triplicate).
This conversion was inhibited in a concentration-dependent
manner by either the metalloprotease inhibitor, phos-
phoramidon (10 nM - 1 mM, Figure la), or the metal ion
chelator, EDTA (300 nM - 10 mM, Figure 1b), with half-
maximal inhibitory concentrations of 2 and 20 uM, respec-
tively. The maximum inhibition caused by phosphoramidon
was 88 * 2%, at a concentration of 1 mM, and by EDTA
60 £ 4% at a concentration of 10 mM. In experiments with
bET-3 as a substrate in the same assay conditions no forma-
tion of ET-3 was detected by PK,-bioassay or ELISA (n=3
for each).
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Figure 1 Phosphoramidon and EDTA inhibit in a concentration-
dependent manner the conversion of big endothelin-1 (bET-1) to
endothelin-1 (ET-1) by the cytoskeletal fraction prepared from
human brain. When incubated with protein (22.5pug) from the
cytoskeletal fraction of human brain and bET-1 (135 pmol) in a total
volume of 52.5ul the metalloprotease-inhibitor, phosphoramidon
(10 nM—1 mM, a), or the metal ion-chelator, EDTA (300 nM—10 mM,
b) inhibited the formation of ET-1 with half-maximal inhibitory
concentrations of 2 and 20 puM, respectively. Data shown were
derived by bioassay (a) and by ELISA (b). Similar results were
obtained when samples were tested in the alternate assay.

Discussion Our results show the presence of an enzyme in
human brain which selectively converts bET-1 to ET-1, and
which resembles other mammalian ECE activities previously
described in rat, bovine and porcine cells. The formation of
ET-1 was detected by both bioassay and ELISA, demons-
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trating that our biochemical assay was not detecting inactive
ET-1 fragments, but biologically active ET-1. The ET-1 pro-
duction was due to the activity of a metalloprotease similar
to that present in endothelial cells, for it was inhibited in a
concentration-dependent manner by both phosphoramidon
and EDTA. This is the first report of metalloprotease-like
ECE activity in human nervous tissue.

Interestingly, although brain tissue from other species con-
tains more ET-3 than ET-1 (Takahashi ez al., 1991) we were
not able to detect the conversion of bET-3 to ET-3, as has
been reported previously in bovine endothelial cells (Okada
et al., 1990). This may be because the fraction we employed
does not contain the appropriate enzyme activity, or alterna-
tively that it is not active under our assay conditions. It is
not due to a lack of sensitivity of our assays as these are
equally sensitive to ET-3 and ET-1 (Ishii et al., 1991; Warner
et al., 1992). This result does suggest however, that the
metalloprotease within human brain that converts bET-1 to
ET-1 has a highly selective substrate requirement. The
activity we detected in human brain tissue is considerably
lower than that present in rat whole brain (Warner et al.,
1992). This may be explained by the time delay between the
excision of the tissue and its use in the assay, and also by the
variability of ECE activity in different brain regions (unpub-
lished observations). Thus the tissue that was available may
well be from a brain area which does not contain a high ECE
activity.

Together with the previous observations of mRNA for
ET-1 in human brain (Lee ez al., 1990) it is clear that this
tissue contains the synthetic pathway for ET-1. ET-1 may
have roles in brain functions from neurosecretion (Yoshizawa
et al., 1990) to control of motor activity (Lecci ez al., 1990).
Our data support the conclusion that endogenous ET-1, and
perhaps other members of the endothelin family of peptides,
are produced in the human central nervous system and
presumably have important central and peripheral effects.
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Dependence of the metabolism of nitric oxide (NO) in healthy
human whole blood on the oxygenation of its red cell

haemoglobin
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Plasma or whole venous or arterialized blood from healthy human donors was incubated with NO (50—
300 uM), and the resulting formation of methaemoglobin (MetHb), nitrosyl haemoglobin (HbNO), and
plasma nitrite and nitrate were measured. In plasma, NO was converted to nitrite and nitrate in a ratio
of 5:1. In arterial blood (O, sat. 94-99%) NO was almost quantitatively converted to nitrate and
MetHb. No nitrite was detected and HbNO formation was low. In venous blood (O, sat. 36-85%)
more HbNO and less nitrate was formed, in comparison to arterialized blood. We propose that NO
liberated from endothelium of conductance and resistance vessels is taken up by red blood cells and
inactivated by HbO, via stoichiometric conversion to MetHb and nitrate.

Keywords: Blood; EDRF; endothelium; erythrocytes; haemoglobin; methaemoglobin; nitrate; nitric oxide; nitrite

Introduction

NO has potent biological activities as a vasoactive, cytotoxic,
platelet regulatory, and neurotransmitter agent (Furchgott &
Zawadzki, 1980; see Moncada et al., 1991 for references).
Accumulating data also indicate a significant role for NO in
several settings of cardiovascular disease (Gordon et al.,
1989; Drexler et al., 1991). We assumed that quantitative
methods to estimate NO formation might facilitate further
evaluation of some of its physiological and pathophysiological
roles. The development of such methods relies upon proper
knowledge about the inactivation and elimination of NO
from the intact organism. In this paper we describe a route
by which NO in human blood is converted to nitrate, i.c. a
metabolite that is readily eliminated via the kidneys.

Methods Portions of venous blood from healthy donors
were incubated with NO (AGA Special Gas, final conc.
50-200 mM) with or without previous oxygenation. O,
saturation was estimated with a standard method. The
incubation was interrupted by separation of the blood into
cells and plasma followed by freezing of the cell fraction at
70K in electron paramagnetic resonance (EPR) tubes.
Plasma was kept at —20°C until analysis. Other plasma
fractions were separated before incubation with NO as
above. The EPR spectra of the blood cell fraction were
recorded for MetHb and HbNO at a microwave frequency of
9.22 GHz and a power of 20 mW from about 500 to 3500
gauss with a modulation amplitiude of 20 gauss. Plasma
levels of nitrite and nitrate were analyzed with liquid
chromatography/uv detection at 214 nm after separation of
proteins with ultrafiltration, and verified with gas
chromatography/mass spectrometry (stable isotope dilution
with "NO;~, conversion to nitrotuluene, negative ion-
chemical ionization, selective monitoring of m/e 136 for
endogenous nitrate and m/e 137 for the "N-labelled internal
standard).

Results Basal plasma nitrate was 44 * 3.8 uM (mean L s.e.,
= 20). Basal plasma nitrite was below 1 pM; often no nitrite

! Author for correspondence.

could be detected. The basal levels of MetHb and HbNO
were 19 2.0 (n =20) and 1.2 £ 0.3 (n = 20) units, respec-
tively. Incubation of arterialized blood (O, sat. 96 * 0.8%)
with NO for 2 min resulted in dose-dependent increases in
the formation of nitrate and MetHb (Figure 1). At the
highest NO concentration (200 uM) nitrate in plasma reached
a level of 203 uM, suggesting almost quantitative conversion
of NO to nitrate. In parallel, MetHb was elevated to about
140 units. HbNO increased very little, to about 11 units at
200 uM NO. Prolongation of incubation time to 15 min
revealed mainly the same pattern: plasma nitrate was 237 uM,
and MetHb and HbNO were 151 and 10 units, respectively
(Figure 1). Incubation of venous blood (O, sat. 61 * 8.5%)
with NO for 2 min revealed a different pattern. Nitrate and
MetHb levels increased in parallel, but to lower concentra-
tions (130 pM and 135 units, respectively) than when NO was
incubated with arterialized blood (Figure 1). In contrast, the
formation of HbNO was markedly enhanced, to 92 units at a
NO concentration in the incubate of 200 uM (Figure 1).
When the incubations of venous blood with NO were pro-
longed to 15 min, the products formed were more similar to
those obtained in arterialized blood. Plasma nitrate and
MetHb increased, to 260 uM and 260 units, respectively.
HbNO was mainly unaffected after 15 compared to after
2 min of incubation (Figure 1). Incubation of plasma with
NO (200 uM, n = 3) for 15 min resulted in semiquantitative
conversion to nitrite and nitrate, in a ratio of about 5:1.
These levels of nitrite and nitrate were stable.

Discussion Plasma, in comparison to whole blood, was rather
inefficient in converting NO to nitrite in the present experi-
ments, highlighting the activity of the blood cell fraction in
the inactivation of NO. Since the red cells are the most
abundant, and the conversion of NO to nitrate was found to
involve haemoglobin, it appears that the conversion occurred
in the erythrocytes. Furthermore, the conversion of NO to
nitrate was more rapid in blood with high compared to low
oxygen saturation of the haemoglobin. This strongly suggests
that HbO, acted as oxygen donor to the NO molecule in its
conversion to nitrate. Conversion of NO to nitrate by oxygen
also involves a one electron transfer to the resulting NO;-
molecule. Our data indicate that the ferrous haeme of the
haemoglobin acted as electron donor, to be converted to
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Figure 1 Dose-response curves demonstrating the formation of nit-
rate (M), methaemoglobin (O), and nitrosyl haemoglobin (A) in
whole arterialized (O, saturation 94-99%) or venous (O, sat. 36—
85%) blood incubated with nitric oxide (NO, 50-200 uM is indicated
on the horizontal axis) for 2 or 15 min. Symbols indicate mean of
4-6 observations with s.e. shown by vertical bars. Concentrations on
vertical axis: nitrate in uM, methaemoglobin and nitrosyl haemo-
globin in EPR units. One EPR unit corresponds to about 1puM of
methaemoglobin and 0.1 uM of nitrosyl haemoglobin.

ferric haeme, inasmuch as the amount of methaemoglobin
formed increased in parallel to the formation of nitrate.
These data consequently suggest that NO is converted to
nitrate according to the formula

Hb™* "0, + NO-> Hb***) + NO,~
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The equilibrium of this conversion appeared shifted to the
right, inasmuch as incubation with NO yielded virtually
quantitative formation of nitrate. Thus, when NO (200 um)
was incubated with arterialized blood for 15 min, plasma
nitrate increased from the basal average level of 41 uM to a
final average concentration of 237 uM. In the incubations of
venous blood with NO a significant formation of nitrosylated
Hb was also obtained. It seems that NO, when entering the
red blood cell, may either form nitrate and methaemoglobin
stoichiometrically together with HbO, or nitrosylate non-
oxygenatad Hb. Consequently, haemoglobin may inactivate
NO along either of two different routes, i.e. by conversion to
nitrate or by nitrosylation. The fraction of NO inactivated
along either of these routes seems to be determined by the
HbO,/Hb ratio in the red cells.

Although NO is formed in several different cell types (see
Introduction) it may be assumed that the vascular endothelium
is the source of a considerable part of the total body produc-
tion of NO. Some considerations on how NO may be inacti-
vated in the circulation are therefore warranted. Endothelial
NO seems to play the most important role as a physiological
vasodilator in conductance and possibly also resistance
vessels (see Moncada et al., 1991 for references), being of less
significance in capillaries and on the venous side of the
systemic circulation. Hence, a substantial proportion of NO
released luminally from the endothelial cells will enter blood
with a high O, saturation. The present data demonstrate that
such NO is readily converted to nitrate, with parallel forma-
tion of MetHb, These products may then be either eliminated
via renal excretion (nitrate) or reversed with known
endogenous mechanisms (conversion of methaemoglobin to
haemoglobin, Tomoda et al, 1979). If small amounts of
HbNO are formed, this complex can also be disintegrated
successively by a high oxygen tension, as in the alveolar
capillaries in the lungs (Chiodi & Mohler, 1985). The process
for inactivation and elimination of NO proposed here
thereby seem to fulfill the criteria of providing a physio-
logically reasonable elimination route that also conforms to
present and previously known data concerning plasma (Kelm
et al., 1991) and urine (Green et al., 1982) levels of nitrite
and nitrate.
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(S)-homoquisqualate: a potent agonist at the glutamate

metabotropic receptor
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The synthetic quisqualate analogue, (S)-homoquisqualate was examined for activity at the glutamate
metabotropic receptor, in relation to its ability to stimulate phosphoinositide hydrolysis in rat pup
cerebro-cortical slices. The compound produced a robust increase in hydrolysis (ECs, = 50.2 £ 1.6 uM),
which, in common with responses to quisqualate and (1S,3R)-1-aminocyclopentane-1,3-dicarboxylate
((1S,3R)-ACPD), was antagonized uncompetitively by L-2-amino-3-phosphonopropionate (L-AP3). In
contrast to quisqualate which exhibits low efficacy, (S)-homoquisqualate behaves as a full agonist at the

metabotropic receptor.

Keywords: Homoquisqualate; quisqualate; (1S,3R)-ACPD; glutamate metabotropic receptor

Introduction The glutamate metabotropic receptor is
coupled via a guanine nucleotide binding protein to mediate
phosphoinositide (PI) hydrolysis in the CNS (Nicoletti ez al.,
1986). The pharmacology of this receptor is poorly charac-
terized and, although quisqualate, ibotenate and glutamate
are effective agonists, to date, only two selective agents have
been reported, viz  (1S,3R)-l1-aminocyclopentane-1,3-
dicarboxylate ((1S,3R)-ACPD) (Palmer et al., 1989) and
(2S,38,4S)-a-(carboxycyclopropyl)glycine (L-CCG-I) (Naka-
gawa et al., 1990). Quisqualate frequently is found to
produce a much weaker effect than ibotenate. Reported
inhibitors of excitatory amino acid-stimulated phospho-
inositide hydrolysis include L-2-amino-3-phosphonopropion-
ate (L-AP3) (Schoepp et al., 1990b) and L-aspartate-B-
hydroxamate (Ormandy, 1992). Both compounds appear to
act non-competitively and irreversibly; however, antagonism
of metabotropic responses has not been consistently reported
(Schoepp et al., 1990a).

The development of new compounds active at glutamate
metabotropic receptors is of considerable importance for
elucidating the increasing range of its hypothesized physio-
logical functions, particularly in view of the proposal of
receptor heterogeneity based on pharmacological evidence
(Raulli & Wroblewski, 1991; Tanabe et al., 1991) and the
recent isolation of four cDNA clones encoding a family of
metabotropic receptors (Tanabe et al., 1992).

Methods Wistar rat pups (postnatal day 6) were decapitated
and the brains rapidly removed. The cerebral cortices were
dissected free, washed in ice-cold Krebs-bicarbonate buffer
(composition, mM: NaCl 120, KCI 3.1, MgSO, 1.2, KH,PO,
1.2, CaCl, 2.6, glucose 10, NaHCO; 25, pH 7.4), con-
tinuously gassed with 95% 0,/5% CO,. Slices (0.3 X 0.3 mm)
were prepared on a Mcllwain tissue chopper and immediately
suspended in 250 ml buffer at room temperature, followed by
3 subsequent changes of buffer.

After a 90 min incubation at 37°C in 20 ml fresh buffer
containing 75 pCi D-myo-[*H]-inositol (Amersham), the slices
were washed S times to remove unincorporated label and
allowed to settle. Fifty microlitre aliquots of gravity-packed
slices were transferred to 5 ml polypropylene tubes contain-
ing a final volume of 250 pl buffer and 10 mM LiCl. The
antagonist L-AP3, if present, was added at this stage. Tubes
were gassed, capped and incubated at 37°C for 20 min prior

! Author for correspondence.

to addition of agonists. The assay was terminated by addi-
tion of 1 ml CHCI;/CH;OH (1:2 v/v), 0.3 ml deionised water
and 0.3 ml CHCI,. After vortexing and centrifugation, 750 pl
of the upper aqueous phase was removed, added to 2ml
water and applied to minicolumns containing Dowex-1X8-
200 (formate form) columns. A further 5 ml water followed
by 5ml 25 mM ammonium formate eluted residual free [*H]-
inositol, inositol glycerophosphates and cyclic inositol phos-
phates. Addition of 10 ml 0.2 M ammonium formate eluted
[PH]-inositol monophosphate and 1 ml aliquots were added to
4 ml Optiphase Hisafe scintillation fluid (LKB) and counted
for tritium on an LKB Rackbeta scintillation spectrometer.

(S)-homoquisqualic acid was synthesized in our laboratory
from (S)-4-amino-2-(benzyloxycarbonylamino)butanoic acid.
Purification was by resin chromatography. Care was taken
throughout the synthesis to avoid reaction conditions which
might cause racemisation.

Of the other substances used in the experiments, L-AP3,
ibotenic acid, quisqualic acid and (1S,3R)-ACPD were
obtained from Tocris Neuramin Ltd (Bristol, UK).

Results Quisqualate was found to be the most potent
agonist at the glutamate metabotropic receptor in rat pup
cerebral cortical slices, with an ECs, of 0.92 £ 0.4 uM. How-
ever, in agreement with other studies, the dose-response curve
was shallow and non-parallel with those generated upon
exposure to (1S,3R)-ACPD and ibotenate, which exhibited
high efficacy and ECss of 18.6 %+ 1.0 and 239+ 1.1 um,
respectively. In contrast to quisqualate, (S)-homoquisqualate
behaved as a potent full agonist (ECs, = 50.2 + 1.6 uM), dis-
playing a dose-response curve parallel to that for (1S,3R)-
ACPD and ibotenate (Figure 1). L-AP3 produced a
concentration-dependent uncompetitive antagonism of the
(S)-homoquisqualate response with an ICs, = 127 uM (Figure
2a), analogous to that found with quisqualate (ICs, =
129 uMm) and (1S,3R)-ACPD (ICs, = 120 uM) (Figure 2b).

Discussion The results described here demonstrate that (S)-
homoquisqualate, which differs from natural quisqualate
(also (S) configuration) only by an additional CH, in the side
chain, is a full agonist at the rat cerebro-cortical meta-
botropic receptor, although with somewhat less than half the
potency of the highly selective agonist (1S,3R)-ACPD. The
selectivity of (S)-homoquisqualate for the metabotropic
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Figure 1 Concentration-dependent accumulation of [*H]-inositol
monophosphate in 6 day old rat cerebral cortex slices in response to
quisqualate (0O), (1S,3R)-ACPD (@), ibotenate (A), (S)-homoquis-
qualate (O) and L-AP3 (B) in the presence of 10 mm Li*. The data
points represent the means and s.e.mean (vertical bars) of 4 indepen-
dent experiments performed in triplicate. ECsy values were deter-
mined from the logistic sigmoid plots fitted to the equation:
y = min + (max-min)/(1 + exp(-k*(X-X50))). For abbreviations, see
text.

receptor has not yet been defined. However, this compound
has been synthesized previously and, although lacking N-
methyl-D-aspartate (NMDA) receptor activity, was reported
to possess weaker agonist activity than quisqualate at the
locust muscle ‘quisqualate receptor’ (Bycroft et al., 1991).

The explanation of the much smaller stimulation of PI
hydrolysis by quisqualate than with (S)-homoquisqualate,
ibotenate and (1S,3R)-ACPD is unclear. The observation
raises the possibility of the presence of two metabotropic
receptor subtypes in the immature cortex, both mediating the
same cellular response. However, when agonists were tested
together at maximally effective concentrations, no additive
effects were observed (data not shown). This suggests that a
single excitatory amino acid receptor subtype is involved.
Regarding the alternative possibility that quisqualate is a
partial agonist, we have not been able to verify this by
demonstrating an ability of quisqualate to antagonize res-
ponses to the full agonist, (1S,3R)-ACPD. Nevertheless, quis-
qualate displays a strikingly different quantitative activity
from the other agonists tested. (S)-homoquisqualate and
newer analogues should provide useful tools for investigating
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Differential inotropic effects of flosequinan in ventricular
muscle from normal ferrets versus patients with end-stage heart

failure

Cynthia L. Perreault, Nancy L. Hague, Evan Loh, Ian M. Hunneyball, Malcolm F. Sim &
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1 In right ventricular papillary muscles from control ferrets, flosequinan (10~"-10-*M) produced a
concentration-dependent positive inotropic effect (107> M =153 24, 10~*M = 198 * 44% increase in
isometric tension; control tension = 100%; n = 11) associated with a corresponding increase in amplitude
of the intracellular Ca?* ([Ca?*]) transient recorded with aequorin (10-°M=133%11,
10-*M = 187 £ 36% increase in [Ca?*]; transient; n=11).

2 The positive inotropic effect of flosequinan in control ferret ventricular muscle was neither blocked
by propranolol (6 X 10~7 M), nor associated with the abbreviation of the [Ca?*]; transient and contrac-
tion that is typical of catecholamines.

3 Neither flosequinan (n= 12) nor BTS 53 554, its sulphone metabolite (n = 6) produced a positive
inotropic effect or altered the time course of contraction in myocardium from the hearts of patients with
end-stage failure.

4 In contrast to milrinone, which produces a positive inotropic effect via phosphodiesterase inhibition,
the unresponsiveness of myopathic human myocardium to flosequinan was not restored after intracel-
lular adenosine 3':5'-cyclic monophosphate (cyclic AMP) levels were increased by prior treatment with
forskolin (n = 13).

5 Taken together, these data indicate that flosequinan has a direct positive inotropic effect that is
Ca?*-dependent, but independent of changes in intracellular cyclic AMP concentrations.

6 The positive inotropic effect may be species-dependent or altered by the presence of hypertrophy
and/or heart failure. However, when used therapeutically in patients with severe heart failure, our data
suggest that flosequinan should not adversely affect myocardial oxygen consumption through direct or

catecholamine-mediated actions on the heart.

Keywords: Flosequinan; vasodilator; calcium; aequorin; heart failure; inotropic drugs; myocardium; milrinone; sulphone

metabolites

Introduction

Flosequinan is a mixed arteriovenous vasodilator that is
currently being investigated in the clinic as an afterload/
preload reducing agent in patients with congestive heart
failure (Cohn, 1991). Flosequinan has been shown to produce
positive inotropic effects on mammalian myocardium under
certain conditions. For example, in ferret papillary muscle
preparations studied in vitro, flosequinan has been reported
to produce a positive inotropic effect over the range of
concentrations from 1-100puM (Falotico et al, 1989;
Greenberg & Touhey, 1990). In guinea-pig isolated atria,
positive inotropic effects were observed with flosequinan over
the concentration-range of 10-*M-10">M (Yates & Hicks,
1988). Under these conditions, flosequinan appeared to be
similar in potency to theophylline, but less potent than the
positive inotropic agents, milrinone and sulmazole (Yates,
1991). We investigated the positive inotropic effects of flose-
quinan and their relationship to changes in intracellular cal-
cium (Ca?*) in ferret papillary muscles isolated in vitro, a
frequently used experimental preparation for assessment of
the cardiotonic activity of cardiovascular drugs. We also
examined the effects of flosequinan on intracellular calcium
handling in these tissues in order to delineate further the
mechanism of the positive inotropic actions of the drug.

! Author for correspondence at: Cardiovascular Division, Beth Israel
Hospital, 330 Brookline Avenue, Boston, MA 02215, U.S.A.

The responsiveness of failing human myocardium to
cardiostimulatory drugs differs from that of normal myo-
cardium. In this respect, the inotropic activity of p-
adrenoceptor agonists such as isoprenaline, and phos-
phodiesterase inhibitors such as milrinone, are markedly
reduced in muscles from patients with heart failure (Feldman
et al., 1987; Erdmann & Bohm, 1989). However, in the
presence of forskolin, which elevates adenosine 3':5'-cyclic
monophosphate (cyclic AMP) levels via direct adenylate cyc-
lase stimulation, the inotropic responsiveness of myocardium
from failing human hearts is markedly potentiated. These
sorts of data suggest that an abnormality in cyclic AMP
production may be a fundamental defect present in patients
with end-stage heart failure. A defect of this type could
diminish the effectiveness of agents that depend upon intra-
cellular generation of cyclic AMP to exert their cardiotonic
effects. Therefore, a second purpose of this present study was
to investigate whether flosequinan, or BTS 53 554 its long-
acting sulphone metabolite (Wynne et al., 1985; Yates, 1991),
would produce any inotropic effect on human myocardium in
either the presence or absence of forskolin. These
experiments with human muscle are of interest in light of
evidence suggesting that drugs producing positive inotropic
effects via increasing myocardial concentrations of cyclic
AMP may adversely affect morbidity and survival in patients
with heart failure (Packer, 1988; 1989).
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Methods

Acquisition of ferret tissue and initial preparation

Papillary muscles of 1.0 mm or less in diameter were excised
from the right ventricles of hearts removed from adult male
ferrets, 12—14 weeks of age, under chloroform anaesthesia.
Acquisition of human tissues is described below. The
methods of preparation and instrumentation used in these
studies have been described in detail (Gwathmey & Morgan,
1985; Blinks & Endoh, 1986; MacKinnon et al., 1988; Per-
reault et al., 1990). After removal from the hearts, muscles
were placed in baths containing bicarbonate-buffered physio-
logical salt solution bubbled with a gas mixture of 95% O,
and 5% CO, to pH 7.4 and [Ca’*], of 1 or 2.5mM. All
human and ferret ventricular aequorin experiments were per-
formed at 30°C. A subset of ferret right ventricular
experiments were performed at 38°C. Muscles were stimu-
lated to contract at 3 s intervals with pulses of S ms duration.
Threshold voltage (i.e., < 10% above threshold) delivered
via a punctate electrode was used to stimulate the muscles in
order to minimize catecholamine release from the adrenergic
nerve endings (Blinks, 1966). An initial 2h equilibration
period was allowed during which muscles were gradually
stretched to the length where maximal isometric force
developed. Since it was possible to obtain up to four papil-
lary muscles per ferret, our n refers to the number of papil-
lary muscles, not the number of ferrets.

Acquisition of human muscle

Myopathic human hearts were obtained from transplant
recipients following the guidelines of a protocol approved by
the Committee for the Protection of Human Subjects at
Brigham and Women’s Hospital, Boston. Muscles were
obtained from the right and left ventricles of patients with
either idiopathic cardiomyopathy or ischaemic cardiomyo-
pathy undergoing cardiac transplantation for end-stage heart
failure. In general, our muscle selection involved avoidance
of areas of dense necrosis or fibrosis which tended to be
more pronounced in the left ventricle. At the time of
excision, the hearts were placed in an oxygenated physio-
logical salt solution at room temperature. Cardiac samples
were rapidly transported to the laboratory where suitable
trabeculae carneae of < 1.0 mm in diameter were selected for
study. From this point on, human trabecular preparations
were handled exactly as described for ferret papillary muscles
(Feldman et al., 1987, Gwathmey et al., 1987).

Aequorin studies

A subset of muscles from both the ferret (n = 11) and human
(n=3) groups were macroinjected with aequorin, a bio-
luminescent calcium indicator. The solution, purification and
loading of aequorin are described in detail elsewhere (Blinks,
1982; 1986; Kihara et al., 1989; Kihara & Morgan, 1989).
Light signals were recorded with a photomultiplier by means
of a specially-designed light collecting apparatus (Blinks &
Endoh, 1986). In order to obtain a satisfactory signal-to-
noise-ratio, it was usually necessary to average successive
signals (from 16 to several hundred depending on the light
intensity). Signal averaging was performed only after res-
ponses had reached the steady state. The light and tension
responses and stimulus artifact were recorded simultaneously
both on magnetic tape and on chart strip recording paper;
light signals were passed through a filter with a 10 ms time
constant. The light signal was measured in nanoamperes of
anode current. The amplitude and time course of the
aequorin light signals were analyzed in the same manner
described above for tension.

It is possible for drugs to interact directly with aequorin
and modify the luminescent reaction or the sensitivity of
aequorin to Ca?* (Kamaya et al., 1977, Baker & Schapira,

1980). Therefore, the potential for interaction of flosequinan
and aequorin was tested in vitro by use of the basic method
and calibration device described by Blinks and Endoh (1986).
Briefly, aequorin was added to a solution containing free
[Ca’*] between 10~7 and 10~°M; under these conditions a
low level of luminescence persists for several minutes until
the aequorin is gradually consumed. After initiating the
luminescence reaction, flosequinan dissolved in dimethyl-
sulphoxide (DMSO) was added to the reaction pipette. We
found that neither the drug, nor DMSO without drug,
affected the luminescence response measured at the concent-
rations used in these experiments.

Statistical analysis

All data were compared by unpaired or paired (when appro-
priate) Student’s ¢ test and by a Wilcoxon signed rank test.
Statistical significance was set at P<<0.05.

Drugs

The aequorin used in these experiments was obtained from
the laboratory of Dr J.R. Blinks of Seattle, Washington,
U.S.A.; propranolol was purchased from Sigma Chemical
Company, St. Louis, Missouri, U.S.A.; milrinone was a
generous gift of Sterling-Winthrop, Inc., Rensselaer, New
York, U.S.A., and forskolin was purchased from Cal-
Biochem, San Diego, California, U.S.A. The flosequinan
(7-fluoro-1-methyl-3-methylsulfinylquinolin-4-one) and its
principal sulphone metabolite BTS 53 554 (7-fluoro-1-methyl-
3-methylsulphonylquinolin-4-one) used in these studies were
prepared by Boots Pharmaceuticals, Nottingham, U.K. Stock
solutions were prepared with distilled water except for
milrinone, flosequinan and the sulphone metabolite of flose-
quinan. The milrinone stock solution was acidified by addi-
tion of a small amount of HCI, in the quantities used in these
experiments, the diluent did not affect the pH of our bicar-
bonate buffer or muscle function. Flosequinan and its
metabolite were dissolved in DMSO. In the amounts added
in these experiments, DMSO did not significantly affect mus-
cle function.

Results

Ferret papillary muscles

Figure 1 and Table 2 show that the peak isometric tension
and peak of the calcium transient were increased in a dose-
dependent fashion by flosequinan over the range of concent-
rations from 10-7M-10"*M. A subset of ferret papillary
muscle experiments (n = 5) was performed at 38°C to com-
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Figure 1 The effect of flosequinan (M concentrations) on the
aequorin light signal (noisy tracing) and isometric tension response
(smooth tracing) recorded from a right ventricular ferret papillary
muscle. [Ca’*],=2.5mM; stimulation frequency =0.33 Hz; pulse
duration = 5 ms; 30°C.



pare the inotropic effectiveness of flosequinan at 38°C to
30°C. At 38°C, flosequinan produced a 108 £ 6% increase at
10°°M, a 120% 5% increase at 10-°M (P<<0.05) and a
168 £ 21% increase at 10~*M (P<<0.05). This was similar to
the maximum increase in peak tension at 30°C of 198 £ 44%
(P<0.05). Therefore, 30°C was selected for subsequent
experiments because of the greater stability of these prepara-
tions at lower temperatures (i.e., slower mechanical run
down; lower rate of aequorin consumption). Intracellular
Ca?* simultaneously increased with tension; a maximum res-
ponse of 187 £36% (P<<0.05) at the 10~*M concentration
of flosequinan was noted (Figure 1). As shown in Table 1
and Figure 2, the time courses of both tension and light
remained unchanged in the presence of all concentrations of
flosequinan studied. The presence of 6 X 10~” M propranolol
did not affect the positive inotropic action of flosequinan
(n=135; 2551 91% increase at 10~°M, P<<0.05, 336+ 132
increase at 10-*M, P<<0.05). As shown in Figure 3, higher
concentrations of flosequinan (10~*M and greater) were
associated with toxicity as shown by after-glimmers in the
aequorin light signals and after-contractions in the isometric
tension responses.

Human muscle studies

Table 2 shows that peak isometric tension was not
significantly increased with either flosequinan or BTS 53 554
over the dose range from 10-¢M-10-%M, reaching a peak
response of 109+ 6% at 10~*M flosequinan and a peak
response to BTS 53 554 of 103 £ 4% (P<<0.05). The time
course measurements of the twitch were not affected by any
concentration of flosequinan tested (see Table 2). Figure 4
shows an aequorin-loaded myopathic human muscle in which
no significant response to flosequinan occurred either in the
isometric tension response or the [Ca®*]; transient even at the
highest dose. The dose-response relationships of flosequinan
and BTS 53 554 to isometric tension are depicted in Figure 5.

The effects of flosequinan were tested on myopathic human
trabeculae before and after the addition of a minimally
effective concentration of forskolin (Figure 5b). Sufficient
forskolin was added to produce a 5-15% increase in
developed tension. Flosequinan was ineffective in producing
a positive inotropic effect even under conditions of forskolin
pre-stimulation. Forskolin also did not restore the inotropic
effectiveness of BTS 53 554 (Figure 5c). These data are in
contrast to our results with milrinone in human myopathic
myocardium where forskolin pretreatment restored the inot-
ropic effectiveness of this phosphodiesterase inhibitor (Figure
Sa).

Discussion

Mechanism of inotropic effect

Most of the inotropic agents available for experimental or
clinical use predominantly act to increase the availability of
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Figure 2 Aequorin light and isometric tension responses elect-
ronically adjusted to equal amplitudes and superimposed to demon-
strate that flosequinan (3 X 10~° M) does not alter the time course of
cither the light or tension responses in this aequorin-loaded ferret
right ventricular papillary muscle. Absolute tension and light calibra-

" tion scales are shown to the right of both traces. [Ca?*], = 2.5 mMm;

stimulation frequency = 0.33 Hz; pulse duration = 5 ms; 30°C.

Figure 3 Toxicity of 10~*M flosequinan in an aequorin-loaded fer-
ret right ventricular papillary muscle as shown by after-glimmers and
after-contractions (indicated by arrows). [Ca?*], = 1 mM; stimulation
frequency = 0.33 Hz; pulse duration = 5 ms; 30°C.

Table 2 The effects of flosequinan and its major
metabolite, BTS 53 554, on peak tension and the time
course of the isometric contraction in myopathic human
myocardium.

A Flosequinan

0 10-°m 10-5Mm 10-*M
PT (%) 1000 1055 1065 1096
TPT (ms) 349+ 45 394 57 367136 268 45
TST (ms) 246 + 20 268 * 21 264 £ 19 237t 16
B - BTS 53 554

] 10-¢M 10-Mm 10-4m
PT (%) 1000 1026 1023 103+ 4
TPT (ms) 33826 323+ 46 318+ 46 344 + 27
TST (ms) 245 + 31 270 + 46 252 £ 41 225+ 31

Flosequinan was tested in 12 human myopathic muscles (A)
and the effect of its major metabolite, BTS 53 554, on 6
human myopathic muscles (B). PT=peak tension;
TPT = time to peak tension; TST = time to 50% relaxation;
[Ca**], = 2.5 mM; values are means * s.e.mean.

Table 1 Peak tension, peak light and the time courses of light and tension responses to flosequinan in 11 aequorin-loaded right

ventricular papillary muscles

0 10" M
PT (%) 1000 112+ 7+
PL (%) 1000 104 £ 2%
TPT (ms) 170 £ 17 195 12
TST (ms) 123+ 13 S 119111
TPL (ms) 59+7 50+5
TSL (ms) 4743 53+8

Flosequinan

10-%m 10-5M 10-*M
119 £ 10* 153 + 24+ 198 + 44*
117 £ 6* 133+ 11* 187 £ 36*
185+ 12 197 £ 11 176 £ 4
123+10 116 £ 11 112+ 11
575 605 555
46+4 47+ 4 4816

The effect of flosequinan on the peak tension (PT); peak light (PL); time to peak tension (TPT), time to peak light (TPL), time to
50% relaxation of the tension (TST), time to 50% decline from the peak light (TSL); [Ca?*];=1mM, 30°C, stimulation
frequency = 0.33 Hz; pulse duration = 5 ms; values are means * s.e.mean; (n=11); *P <0.05 versus control.
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Figure 4 The effect of flosequinan (M concentrations) on an
aequorin-loaded trabeculae carneae from a patient with end-stage
heart failure. Aequorin light signals are the noisy tracings and the
isometric  tension responses are the smooth tracings.
[Ca?*], = 2.5 mM; 30°C; stimulation frequency = 0.33 Hz; pulse dura-
tion = 5 ms.

activator [Ca?*]. Alternatively, a small number of experi-
mental agents may increase myofilament Ca* responsiveness
and increase contractility by mechanisms that are largely
independent of changes in [Ca?*]; (Morgan, 1988; Morgan &
Morgan, 1989). Our results indicate that the positive ino-
tropic effect of flosequinan, when present, is associated with
an increase in [Ca?*].

There are several mechanisms by which inotropic drugs
may increase [Ca?*] availability. In general, this occurs by
one or a combination of four main effects: (1) increased
transsarcolemmal Ca?* entry; (2) decreased transarcolemmal
Ca?* efflux; (3) increased release of Ca?* from the sarcoplas-
mic reticulum; or (4) decrease re-uptake of Ca’* by the
sarcoplasmic reticulum. Most of the agents now available for
clinical use produce the first effect by increasing intracellular
concentrations of cyclic AMP. This in turn leads to increased
Ca’* influx via the voltage-dependent, L-type sarcolemmal
calcium channels, an effect that is mediated by cyclic AMP-
dependent phosphorylation. Available evidence suggests that
flosequinan does not affect the B-adrenoceptors or histamine
receptors, which are coupled to adenylate cyclase, nor inhibit
phosphodiesterase isoenzymes except at concentrations much
higher than the usual therapeutic range (Allcock et al., 1988;
Packer et al., 1988; Frodsham et al., 1989; Frodsham et al.,
1990; Yates, 1991). Along with an increase in contractility, a
corresponding abbreviation of the time course of the Ca?*
transient and isometric twitch also typically occurs with cyc-
lic AMP-dependent agents due to phosphorylation of phos-
pholamban in the sarcoplasmic reticulum. Since no abbrevia-
tion of these parameters occurred with positive inotropic
doses of flosequinan in our experiments with ferret papillary
muscles, cyclic AMP-mediation of this effect appears unlikely
(Gwathmey & Morgan, 1985). Moreover, since the adenylate
cyclase activator, forskolin, restored the inotropic
effectiveness of milrinone but not flosequinan in myopathic
human myocardium (Figure 5), it appears that the latter drug
does not have functionally significant phosphodiesterase
inhibitor properties, at least in the concentrations used in
these experiments. Along these same lines, it is important to
note that some drugs (i.e., metaraminol, amphetamine, and
cocaine) may produce an increase in cyclic AMP through
release of catecholamines from the sympathetic nerve endings
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Figure 5 (a) The dose-response relationship of milrinone (O) before
the addition of forskolin (n = 10) and after the addition of forskolin
(@, n=10); (b) flosequinan (O) before forskolin (n = 12) and after
forskolin (@, n=13) and (c) BTS 53 554 (O) before forskolin
(n=6) and after forskolin (@, n = 6) in myopathic human myocar-
dium.

(for example, see Perreault et al, 1990). The inability of
propranolol to block the inotropic response to flosequinan in
our experiments argues against this possibility with regard to
flosequinan.

The above results indicate that flosequinan does not
enhance transsarcolemmal Ca?* influx by increasing cellular
cyclic AMP concentrations. However, an effect mediated by
some other second messenger, such as IP; or diacylgylcerol
(Yates & Holmes, 1988; Yates et al., 1989) or a direct effect
on the Ca?* channels is not ruled out by our results,
although none of the available evidence on this drug sup-
ports such a mechanism (Yates, 1991) except in smooth
muscle (Richards et al., 1989; Resnick et al., 1990).

In addition to effects on the L-type Ca?* channels, drugs
and intervention can produce a positive inotropic effect by
enhancing influx of Ca?* via Na*/Ca’* exchange (Morgan &



Morgan, 1989; Wier, 1990). For example, the cardiotonic
steroids, like dogoxin, or Na* channel agonists, like DPI
201-106, may produce NA* loading of the myocyte and
facilitate Ca’* entry for Na‘* extrusion at the exchange site
(Kihara et al., 1989). None of the available evidence suggests
that flosequinan affects Na*/K* ATPase activity or Na*/
Ca?* exchanger function (Yates, 1991). However, the pos-
sibility of cellular loading of Na* under the influence of
flosequinan was not directly tested in the present series of
experiments.

Inhibition of Ca’* re-sequestration by the sarcoplasmic
reticulum would be expected to prolong activation time and
produce a positive inotropic effect. This action is in part
responsible for the positive inotropic actions of caffeine and
DPI 201-106 in the myocardium of some species. Moreover,
drugs with this action typically prolong the Ca’* transient
and markedly increase the duration of isometric relaxation.
The observation in the present study that inotropic doses of
flosequinan do not change the time course of the [Ca?*};
transient or twitch provides evidence against this possible
effect.

In summary, the positive inotropic action of flosequinan,
when present, appears to be caused by increased availability
of activator Ca?*. Although the precise mechanisms responsi-
ble for this increase remain unknown, our data indicate it
does not appear to be caused by an increase in cyclic AMP
concentrations, although some other second messenger
system may be involved. Therefore, on the basis of available
evidence, we feel that the most likely mechanism appears to
be an increase in transsarcolemmal Ca?* entry either via the
voltage-dependent L-type channels or Na*/Ca?* exchanger
or by decreased transsarcolemmal Ca?* efflux at the site of
the exchanger. Delineation of the precise mechanism by
which flosequinan increases [Ca’*]); and contractile force
awaits further studies.

Toxicity mediated by intracellular Ca’* overload

The toxicity of positive inotropic drugs is often associated
with spontaneous oscillatory Ca’* release and in experiment-
al, aequorin-loaded muscles, is shown by after-contractions
in the isometric tension response and after-glimmers in the
aequorin light signals (Morgan & Morgan, 1984). As shown
in Figure 3, flosequinan at higher concentrations, can pro-
duce toxicity resulting in after-glimmers and after-
contractions in ferret ventricular papillary muscles. This was
not seen in the myopathic human myocardium in which
flosequinan failed to produce a positive inotropic response or
dysrhythmias. It is of interest that flosequinan has been
reported not to affect ischaemic arrhythmias in anaesthetized
rats (Jones & Sim, 1990).

Therapeutic implications

The observation that flosequinan does not have a significant
inotropic effect on muscle from patients with end-stage
failure has potentially important therapeutic implications. In
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Ionic

mechanisms responsible for the antiarrhythmic action of

dehydroevodiamine in guinea-pig isolated cardiomyocytes
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1 Dehydroevodiamine alkaloid (DeHE), an active ingredient of a Chinese herbal medicine Wu-Chu-Yu
(Evodiae frutus), has been shown to decrease aterial blood pressure in experimental animals and prolong
action potential duration in cardiac cells. The aim of the present study was to explore the ionic basis of
its possible antiarrhythmic effects.

2 Guinea-pig atrial and ventricular myocytes were isolated enzymatically and the ionic currents were
recorded under whole-cell patch-clamp with single suction pipettes.

3 DeHE at a concentration of 0.1 uM inhibited reversibly the time-dependent outward K current
(delayed rectifier, I,) and the Na-dependent inward current (ly,).

4 In low-K (1 mM) and high-Ca (9 mM) solution, DeHE also depressed the delayed afterdepolariza-
tions (DAD) and the transient inward current (;) induced by 2 uM strophanthidin. On the other hand,
DeHE occasionally induced early afterdepolarizations and slow response action potentials at a depolar-
ized level.

5 At higher concentrations (1 uM and above), the L-type Ca current (Ic,;) was moderately inhibited.

6 The present findings indicate that DeHE may depress triggered arrhythmias in Ca-overloaded
guinea-pig cardiac myocytes through its inhibitory actions on Iy,, /; and, to a smaller extent, /c,. DeHE
may also exert class III antiarrhythmic effect through a reduction of outward K currents (/) across the
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sarcolemma.
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Introduction

Dehydroevodiamine (DeHE), a quinazolinocarboline alkaloid
isolated from a Chinese folk medicine Wu-Chu-Yu (Evodiae
frutus) (Chen et al., 1981), has been shown to induce hypo-
tension and bradycardia in rats (Yang et al., 1988; 1990).
Recent studies on rabbit sinoatrial tissues in our laboratory
(Lin et al., 1990) have shown that the negative chronotropic
effect of this compound was associated with a prolongation
of action potential duration (APD) and a reduction of maxi-
mum diastolic potential and diastolic slope. In ventricular
papillary muscles, DeHE at higher concentrations (= 0.3 uM)
induced a development of early afterdepolarization (EAD)
but consistently decreased force of contraction only at con-
centrations higher than 3 uM (Lin ez al., 1990). The aims of
the present experiments were to investigate the ionic mechan-
isms responsible for the APD prolongation and to explore
the possible antiarrhythmic effect induced by DeHE on
guinea-pig cardiac cells with whole-cell voltage-clamp techni-
ques.

Methods

Single atrial and ventricular myocytes of the guinea-pig,
weighing 300-500 g, were used. The methods described by
Mitra & Morad (1985) and Tytgat et al. (1990a) for cell
dissociation, whole-cell patch-clamp recording, and super-
fusion and internal perfusion of the cells were used in the
present study. In brief, guinea-pigs were killed by a blow on

! Author for correspondence at: Department of Pharmacology,
National Defence Medical Centre, P.O. Box 90048-504, Taipei,
Taiwan.

the neck and the heart was quickly removed and mounted on
a Langendorff perfusion column. The aorta was cannulated
and the heart was perfused with a solution containing colla-
genase and protease at 37°C. After isolation, the cardio-
myocytes were bathed at room temperature (20—-25°C) in a
superfusate containing (in mM): NaCl 137.6, KCl 5.4, CaCl,
1.8, MgCl, 0.5, HEPES 11.5 and glucose 22. The pipette
solution contained KCIl 120, MgCl, 6, Na,ATP 5, HEPES 10,
EGTA 5, and CaCl, 0.15, adjusted to pH 7.2 with 1 N KOH.
To record action potential, the myocytes were occasionally
paced through a recording micropipette by use of supra-
threshold depolarizing stimuli of 2 ms duration provided by a
Grass S88 stimulator.

For measurement of ionic currents, single-electrode chop-
ped clamp technique was used by means of an Axoclamp 2-A
amplifier (Axon Instruments, Calif, U.S.A.). Data acquisition
and analysis were controlled by pCLAMP software (Axon
Instruments). The cells were allowed to stabilize in the bath
at room temperature for at least 30 min before experiments.
The time-dependent outward K currents (/) of atrial and
ventricular cells were activated by pulses from a holding
potential of —70 mV to a conditioning potential of +20 mV
of varying duration (0.3-1.8s), and outward tail currents
were measured at —30 mV (see Roden ez al., 1989).

For determination of L-type calcium current (Ic,1) of the
ventricular cell, a holding potential (¥},) of —50 mV was used
to inactivate T-type calcium current (Ic,1) (Tytgat et al,
1990a). Currents were produced at clamped potentials from
—40 to +60mV in 10 mV steps for 250 ms every 2s. To
measure accurately /c,; with no contamination of other ionic
currents, the cells were bathed in K- and Na-free Tris solu-
tion containing (in mM): tris (hydroxymethyl) aminomethane
137.6, MgCl, 1, CsCl 20, CaCl, 5.5 and glucose 27.5. The
standard internal solution in the micropipette (2-5 MOhm
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resistance) contained (in mM) CsCl 125, MgATP 5, EGTA
15, tetraethylammonium Cl 20, and HEPES 10, adjusted to
pH 7.2 with 1 N CsOH. I,; was measured as the difference
between peak inward current and the current at the end of
the 250 ms pulse. There was almost invariably a run-down of
the Ic,;. (Belles et al., 1988), especially during the initial
15min of internal cell perfusion. Thus experiments were
started after a 15 min period of internal perfusion when a
further decline of Ic,; with time had become about 10% for
a 30—-60 min period. To determine the effects of DeHE, the
drug was added to the Tris bath solution at concentrations
ranging from 0.1 to 3 uM. For measurement of the Na-
dependent inward current (Iy,), the experiments were per-
formed in a very low [Na], (2 or 12mM) in K-free Tris
solution following the method of Tytgat et al. (1990b).

To evaluate the depressant effects of DeHE on triggered
activity, the cells were bathed in low-K (1 mM), high-Ca
(9 mM) HEPES solution plus 2 uM strophanthidin. The cells
were dialysed with a pipette solution containing (in mM):
KCl 120, Na,ATP 5, HEPES 10, EGTA 0.5, MgCl, 1, CaCl,
0.01 and pH 7.2 (see Enous et al., 1990). The holding poten-
tial was set to —44mV. A 1.2s depolarizing pulse to
+20 mV was applied every 6 s for 10 steps. Each depolariz-
ing step elicited a time-dependent Ic,. On returning to V;, a
series of transient inward currents (/;, see Kass et al., 1978)
were observed. After eliciting the I; for 10—15 min, DeHE
(0.1- 1 pM) was added to the superfusate and changes in
amplitudes of the first /; on repolarization were measured
from the first to the tenth step.

The dehydroevodiamine chloride (DeHE) was synthesized
chemically following the methods described in the literature
(Shapiro & Abramvitch, 1955; Abramovitch & Shapiro,
1956; Pachter & Suld, 1960; Pachter er al., 1960). Other
chemicals were obtained from Sigma Chemicals (U.S.A.).

Values are expressed as mean t s.e.mean. Student’s ¢ test
was used to compare test and control values. The values
obtained before, during, and after DeHE exposure were
evaluated by one way analysis of variance (ANOVA). P
values less than 0.05 were regarded as being statistically
significant.

Results

Effects on action potential duration

DeHE prolonged the action potential duration (APD) in
both atrial and ventricular myocytes as illustrated in Figure
1. At a constant driving frequency of 1 Hz, 0.1 and 0.3 um
DeHE increased APD at 50% repolarization (APDsy) of an
atrial myocyte by 22 and 41%, respectively (Figure la and
b). In ventricular myocytes (Figure 1c and d), the percentage
increases in APDs, induced by DeHE were relatively smaller
(22 and 26% by 0.3 and 1 uM DeHE, respectively). The APD
returned to control value within 10 min of washout. Results
obtained from 7 atrial and 12 ventricular myocytes are sum-
marized in Table 1.

Effects on time-dependent outward K current

To investigate the role of delayed rectifier () in the DeHE-
induced prolongation of action potential, depressant effects
of DeHE on /; were determined. Figure 2b shows an example
in an atrial myocyte. DeHE (0.1 uM) reduced the outward
current tail, measured at —30mV after varying duration
(0.3-1.8 s) depolarizing pulses, by about 50% in 8 min (right
upper section of Figure 2b). Increasing the concentration of
DeHE to 0.3 uM reduced further the /, tail to about 25% of
the control value (left lower section of Figure 2b). I, returned
to 60% of the control value after washout in DeHE-free
perfusate for 20 min (right lower Figure 2b). In ventricular
myocyte (Figure 2c, right upper and left lower panels), 0.1
and 1 uM DeHE reduced the I, tail to a similar extent (50%

a Atrium ¢ Ventricle
DeHE
Control DeHE Control
0.1pm 03 pm 0.3 pm 1pm
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0.2s
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Figure 1 Prolongation of action potential duration induced by
dehydroevodiamine (DeHE) in guinea-pig atrial (a and b) and vent-
ricular myocytes (c and d). Upper panels (a and c¢) show the chart
recordings of action potential before (Control, asterisk) and during
10th min superfusion with DeHE (0.1 and 0.3 uM in a, 0.3 and 1 pm
in ¢). The oscillascope traces of action potential before (asterisk) and
during DeHE exposure were superimposed in (b) and (d). Duration
of each drug exposure was 10min. The myocytes were paced
through a recording micropipette by use of 2 ms duration depolariz-
ing stimulus at 1 Hz in left panels and at 0.3 Hz in right panels.

Table 1 Prolongation of action potential duration (APD)
induced by dehydroevodiamine (DeHE) in guinea-pig
cardiomyocytes

Atrium Ventricle
(change in %) (change in %)
Condition n APDyy APDy n APDsy APDy
DeHE 0.1um 5 13t4 31£11* 7 93 913
DeHE 03pum 4 231+6* 40+8* 6 14%+3* 1213+
Wash 4 5%5 13+6 3 4%4 14+ 14
DeHE 1uyMm 6 28%x5* 54+11* 9 20+6* 24+ 10*
Wash 5 21+£10* 35+18* 7 14+12 11%11

The atrial and ventricular cells were superfused in normal
HEPES-Tyrode solution. APDsy and APDy,, action poten-
tial duration measured at 50% and 90% repolarization,
respectively. Values are means tse. of the percentage
changes in APD as compared with the control values before
drug exposure. *P <<0.05, significantly different from con-
trol by one way ANOVA. The control absolute values of
APDs, and APDy, before drug exposure were 100 £ 10 and
169 £ 27 ms, respectively, for 7 atrial myocytes. Those
values for 12 ventricular myocytes were 475 44 and 547 *
51 ms, respectively.

and 20%, respectively, of the control value) as that observed
in atrial myocyte. However, the I, tail returned to near
control value after 20 min washout (right lower Figure 2c).
Figure 2d and e summarize the results of 9 experiments in
atrial myocytes and 13 experiments in ventricular myocytes,
respectively.

Effects on inwardly rectifying K current

To study whether DeHE also blocked the inward rectifier I,
the effects of DeHE on steady state K current seen at poten-
tials negative to —60 mV were analyzed. A series of hyper-
polarizing voltage clamp pulses in 10 mV steps were applied
from a ¥}, of —50 mV. Results showed that 0.1-1 uM DeHE
reduced I, in three myocytes, but increased it slightly in
another three cells and did not change it in the remaining
two cells. Thus DeHE may serve as a tool for the pharmaco-
logical separation of the delayed rectifier and the inward
rectifier.



ANTIARRHYTHMIC ACTION OF DEHYDROEVODIAMINE 519

a
+20 18s
€ _70 I [ -30
b
200
< [ F@_ i
q |
o -
Atrium Control DeHE 0.1 um
0 FJ‘D_ ( NS
DeHE 0.3 um Wash

P

DeHE 0.1 pm

Ventricle Control

)

DeHE 1 um Wash

d
120 A
80
< 4
___l\ n=4
40 4 D01 1 n=9
* * * *
* *
= D1
g n-s
* * * * * *
0 T T T T T
e
120

Figure 2 Depressant effect of dehydroevodiamine (DeHE) on delayed rectified (/) in guinea-pig atrial (b and d) and ventricular
myocytes (c and e). The membrane was held at —70 mV and was conditioned to +20 mV for various durations (0.3, 0.6, 0.9, 1.2,
1.5 and 1.8s) and then repolarized to —30mV as indicated in (a). Upper (b) panels show the current traces of a single atrial
myocyte before (control) and during 8th min of DeHE (0.1 pm) superfusion. Lower (b) panels show the current traces during
0.3 uM DeHE exposure and after washout of DeHE for 20 min (Wash). Note changes in the amplitude of tail of /;, on
repolarization after each conditioning step. In (c) traces obtained from a single ventricular myocyte before (Control) and during
5th min of DeHE (0.1 uM) superfusion are shown in upper panels. The lower panels show traces during 1 um DeHE exposure and
after washout in DeHE-free superfusate for 20 min (Wash). Panels (d) and (e¢) summarize the time-dependent depressant effect of
DeHe on I in atrial and ventricular myocytes, respectively. n indicates number of cells. *P <0.05, significantly different from
control value (C) before drug exposure by one way ANOVA. D 0.1 and D 1, exposure to 0.1 and 1 um DeHE, respectively, for

10 min. W, washout in DeHE-free superfusate for 20-30 min.

Effects on inward Ca current

The prolongation of APDs, induced by DeHE could also be
due to an enhanced Ca influx, in addition to an inhibited
outward K current. Therefore, the effect of DeHE on the
L-type Ca current (/c,;) was also determined in K- and
Na-free Tris solution in the presence of CsCl. As shown in
Figure 3, I, were elicited in the ventricular myocyte by a
series of depolarizations from a holding potential of
—50mV. The peak I, was elicited by a clamp step to 0 mV
and its amplitude was reduced by 13% and 24% after expo-
sure to 1 and 3 puM DeHE, respectively, for 10 min. The
depressant effect of DeHE on I, was not reversible after
20 min washout. Lower concentrations of DeHE did not
induce a consistent effect on Ic,. Table 2 summarizes results
obtained from 18 experiments with 0.1-1 uM DeHE.

Effect on Na-dependent inward current

Separation of the inward Na current (Iy,) and T-type Ca
current (Ic,7) was obtained by the different current method
of Tytgat et al. (1990b) in the presence and absence of 2 or
12 mM [Na],. As shown in Figure 4a (column 1), step depola-
rizations were applied from a holding potential of —90 or
—50mV and the different current obtained in the absence of
Na, (Figure 4b, column 1) is assumed to be Ic,7. The
difference current in the presence of Na, contains a Na

250 ms

b
-60
< 0
S
-500

Control
c
0
Vi
d DeHE 1 pm
0
Cc
DeHE 3 pm

—750

Figure 3 Ca currents recorded from a single ventricular cell in the
absence (Control, b) and presence of 1 and 3 uM dehydroevodiamine
(DeHE) (c and d, respectively). Currents were recorded in K- and
Na-free external and internal solutions. Holding potential (V) was
—50 mV and voltage step potentials were from —40 to +60 mV in
10 mV steps as indicated in (a). In (c) is shown the current-voltage
relationship of peak inward Ca currents before (C, O), during 1 um
(M) and 3pum DeHE (A) exposure for 10 min.
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Table 2 Inhibition of L-type Ca current (Ic,;) induced by
dehydroevodiamine (DeHE)

Table 3 Percentage inhibition of dehydroevodiamine
(DeHE) on Na-dependent current (In,)

ICa,L
Condition n  (change in %)
DeHE 0.1 pm 9 -8*4
DeHE 0.3 um 6 —-18%5
DeHE 1pum 18 —19 + 4+
Wash 10 min 13 2717+
Wash 30 min 13 -32+7*

The guinea-pig ventricular myocytes were superfused in Tris
solution. All experiments were started after 15 min period of
internal perfusion. Values are means % s.e. of the percentage
reduction of Ic,; as compared with the control values
before drug exposure. *P <0.05, significantly different from
control by one way ANOVA. In the absence of DeHE, the
decline of Ic,p with time (run-down) was about 10% for
30-60 min.

1 2 3 4 5
a 2 mm Na
200
mV _s5 ms L A -k/
-50
-90
DeHE
b Control 0.1 um 1um Wash
L"w 12 mm Na
50
ms
500
pA

Figure 4 Depressant effect of dehydroevodiamine (DeHE) on Na-
dependent inward current. Column 1 in (a) illustrates the experi-
mental protocol for separation of T-type and L-type Ca current in
Na-free, tris (hydroxymethyl)-aminomethane. Step depolarizations
from a holding potential of either —90 or —50 mV to —30 mV were
applied. The difference current in Na-free Tris (T-type Ca current) is
displayed in column 1 (b). The difference current (fast inward Na
current) in 2mM Na Tris (a panels) or 12mM Na Tris (b panels)
before (Control, column 2), during 0.1 pM (column 3) and 1puM
DeHE exposure (column 4), and after washout (column 5) for
20 min (a) or 4 min (b) are illustrated. Traces in (a) and (b) were
obtained from two different myocytes.

current in addition to I, . Subtracting the difference current
in the absence of Na from that in the presence of Na gives
the Na-dependent component of the current (Figure 4, col-
umn 2). In the presence of 2 mM [Na], (Figure 4a), 0.1 and
0.3 uM DeHE induced a strong depressant effect on Iy, to
10% and 8%, respectively, of control value. Also the Iy,
remained depressed (36% of control value) after 20 min
washout in DeHE-free superfusate. In the presence of 12 mM
[Na), (Figure 4b), however, 0.1 uyM DeHE reduced only
slightly the Iy, and 1 uM DeHE reduced it to 48% of the
control value. The Iy, recovered to 90% of control value
after 4 min washout. Table 3 summarizes results obtained
from 5 experiments with 2 mM [Na], and another § experi-
ments with 12 mM [Na],.

Effects on afterpotentials

Since DeHE reduces both the Iy, and the Ic,, it should be
able to depress the delayed afterdepolarization (DAD) and
the triggered activity (Cranefield, 1977; Kass et al., 1978)

2mMm [Na], I12mm [Na],
Condition Ina (A%) Ina (A%)
DeHE 0.1 um —41 £ 12* -10£3
DeHE 0.3 um -54t11* —~32+8*
DeHE 1 puM —68 £ 12* —48 + 16*
Wash —-41 7+ —28 £ 10*

The guinea-pig ventricular myocytes were superfused in 2 or
12mM [Na], Tris solution. Values are means £ s.e. of the
percentage inhibition of Iy, as compared with the control
values before drug exposure. Number of preparations = 5.
*P<0.05, significantly different from control by one way
ANOVA.

developed in myocytes overloaded with calcium ion. Figure 5
illustrated the generation of DADs in a ventricular myocyte
paced by a train of depolarizing stimuli at 0.67 Hz (left
panels) or 1.25 Hz (right panels) in a low-K and high-Ca
superfusate containing 2 pM strophanthidin. At a pacing fre-
quency of 0.67 Hz, 0.1 uM DeHE suppressed completely the
DADs within 10 min (Figure 5b, left panel), while APD was
reduced presumably due to opening of a Na-activated K
channel in the presence of Na pump blockade (Luk &
Carmeliet, 1990) induced by strophanthidin. These effects
remained after 22 min washout in DeHE-free superfusate. At
the higher pacing frequency (1.25 Hz), the DADs were larger
in amplitude and shorter in cycle length. The depressant
effect of DeHE was weaker even at a concentration of
0.3 uMm.

In 6 myocytes, the average resting potential was —111
2 mV before pacing. At ending of pacing (0.67—-1.25 Hz) for
10-30 beats, the MDP and the amplitude of DAD were
—107%£2mV and 13 £ 4mV, respectively. DeHE (0.1 um)
barely changed the MDP (—106+ 2 mV) but reduced the
amplitude of DAD to 5% 1 mV. In another myocyte (Figure
6), two triggered action potentials were generated after ter-
mination of electrical drive (Figure 6a). Exposure to 0.1 uM
DeHE reduced the number of triggered action potentials by
half (Figure 6b). After washout in DeHE-free superfusate,
the number of triggered action potentials increased to four as

0.67 Hz 1.25 Hz
a 5s 5s
| —— | e |
> 0[ -
-50
UUUUUULARARAL
b Control Control
. - " 0.1 um DeHE 0.1 um DeHE
' Wash 0.3 um DeHE

Figure § Depressant effect of dehydroevodiamine (DeHE) on delay-
ed afterdepolarizations induced by a train of electrical stimulations
with different pacing frequency (0.67 Hz in left panels and 1.25 Hz in
right panels). The myocytes were superfused in low-K (1 mM) and
high-Ca (9 mM) solution plus 2 pM strophanthidin. Traces of action
potential in (a) and (b) were recorded before (Control) and during
superfusion with 0.1 um DeHE for 10 min, respectively. The left
panel (c) was recorded after washout in DeHE-free superfusate for
22 min and the right panel (c) during 0.3 uM DeHE superfusion.
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a b
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- — 0 >
_\ >
-50
|
Control 0.1 um
DeHE
c d e
Wash 0.3 pm Wash
DeHE

Figure 6 Depressant effect of dehydroevodiamine (DeHE) on trigger-
ed action potentials induced by superfusing the ventricular myocyte
in low-K and high-Ca solution plus 2 pM strophanthidin. In each
panel, a train of 30 depolarizing stimuli was applied but only the last
3 driven action potentials are illustrated. Electrical stimulation was
terminated at (V). Panels (a) and (b) show the traces before (Cont-
rol) and during superfusion with 0.1 um DeHE for 10 min. After
washout in DeHE-free superfusate (c), the myocyte was exposed to
0.3 um DeHE for 10 min (d). Panel (e) shows that, after washout of
0.3 um DeHE for 5 min, the driven action potentials were followed
by 4 triggered action potentials and 2 delayed afterdepolarizations.

the effects of strophanthidin progressed (Figure 6c). Exposure
to 0.3uM DeHE depressed the triggered activity again
(Figure 6d).

In contrast to the depressant effect on DAD and triggered
activity, DeHE should be able to potentiate the development
of early afterdepolarization (EAD) through its inhibitory
action on outward K current as quinidine did (Roden &
Hoffman, 1985). Figure 7 shows a ventricular myocyte paced
by a train of depolarizing stimuli at 2 Hz in the low-K and
high-Ca superfusate. The repolarization process was inhibited
and action potential duration was increased in the presence
of 0.1 uMm DeHE (Figure 7b). When the concentration of
DeHE was increased to 0.3 puM, the myocyte failed to repola-
rize completely and, after termination of electrical drive, a
series of slow response action potentials (EADs) were induc-
ed at a depolarized level (near —60 mV) (Figure 7c). The

L

Control 0.1 um DeHE

v

0.3 um DeHE Wash

Figure 7 Inhibition of repolarization process and induction of early
afterdepolarizations in ventricular myocyte superfused in low-K and
high-Ca solution plus 2 uM strophanthidin. The myocyte was paced
with a train of 15 depolarizing stimuli at 2 Hz. Panel (a) was
recorded before (Control) and (b) during the 10th min of superfusion
with to 0.1 uM dehydroevodiamine (DeHE). Panel (c) shows that,
during the 6th min of superfusion with 0.3 uM DeHE, a series of
slow responses and EADs were induced at a depolarized level after
termination of electrical drive (at V). Panel (d) was recorded after
washout in DeHE-free solution for 15 min.

effect was reversible after 15 min washout (Figure 7d). It is
important to note that the same myocyte had been paced at
1 Hz and generated DADs of about 8 mV in amplitude.
DeHE (0.1 pM) suppressed the DAD but did not reduce the
MDP or induce EAD (traces not shown).

In 4 myocytes, the resting potential before pacing was
—110 £ 2 mV and the MDP at end of pacing (1-2 Hz) for
20-30 beats was — 106 £ 2 mV. In the presence of 0.1-1 uM
DeHE, the resting potential before pacing was about the
same (— 112 £ 2 mV) but during pacing the MDP was reduc-
ed gradually to a level of —79 * 4 mV at end of the 11-30th
beat and was followed by EADs which lasted for 9+ 4s.

Effect on transient inward current

It has been demonstrated that generation of transient inward
currents (/;) is responsible for the development of DAD and
the subsequent triggered action potentials (Kass ez al., 1978).
Thus effects of DeHE on I; were investigated in ventricular
myocytes superfused with low-K and high-Ca solution con-
taining 2 pM strophanthidin. As shown in Figure 8a, a
1200 ms depolarizing pulse from a ¥V, of —44mV to
+20 mV was applied every 6 s for 10 steps. Each depolariz-
ing step induced a slow inward Ca current (/;) and on
repolarization to V, a series of /;. Only traces obtained from
the first and tenth step (arrow) were superimposed in Figure
8b. Figure 8c shows the time-dependent reduction in I
induced by 0.1 uM DeHE in all ten steps. It is evident that
0.1 pM DeHE reduced significantly the amplitude of /; after
2 min of DeHE exposure and more so after a longer period
of exposure. On the other hand, I; was only slightly inhibited
after 10 min exposure. The inhibition on both currents was
not reversible even after washout in DeHE-free superfusate
for 30 min. The time course of changes in /; and /; induced
by 0.1 uM DeHE in this preparation are illustrated in Figure
8d. Table 4 summarizes results obtained from 8 experiments.

Discussion and conclusions

The present findings in guinea-pig myocytes provide evidence
for the depressant actions of DeHE on the Na-dependent
inward current (Iy, ) and the transient inward current (/)
generated under conditions of Ca overloading induced by a
cardiotonic steroid in low-K and high-Ca superfusate. The
changes in ionic currents are correlated with depression of
arrhythmogenic delayed afterdepolarization (DAD) and trig-
gered action potential. Thus in addition to the hypotensive
effect reported in the literature (Yang et al., 1988; 1990),
DeHE may exert an antiarrhythmic action on triggered
activity.

It has been well documented that DADs, aftercontractions
and triggered action potentials (Cranefield, 1977) could be
induced by cardiotonic agents such as digitalis (Vassalle,
1986), catecholamines and methylxanthines (Lin et al., 1985;
Hou et al., 1989; Satoh & Vassalle, 1989), especially in the
presence of high-Ca and/or low-K (Lin & Vassalle, 1980).
These electromechanical activities were indications of intra-
cellular Ca overload and could be depressed by either Ca or
Na channel blockers. The I; (or I ) is the underlying ionic
mechanism responsible for the DAD and the subsequent
triggered action potentials (Kass et al,, 1978; Lin et al.,
1986). The fact that 0.1-0.3 um DeHE induced significant
inhibitory actions on /; but not on I, suggests that DeHE
has a selective effect on transport of Na across sarcolemma.
This concept is supported by our findings that 0.1-0.3 um
DeHE reduced markedly the Iy, measured by using the
difference current method (Tytgat er al, 1990b) in the
absence and presence of 2mM or 12mM [Na], Also the
depressant effect of DeHE was greater and lasted longer in
the presence of 2 mM [Na], than in 12 mM [Na], (Figure 6
and Table 3), in agreement with the antagonistic action of
DeHE on Na transport. A decrease in Na influx should
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result in a decrease in intracellular Na ion activity (Vassalle (Mullins, 1979; Kimura et al., 1987; Beuckelmann et al.,
& Lee, 1984). The fall in intracellular Na would in turn 1989) and, as a consequence, suppress the I; and DAD
decrease cellular Ca through the Na-Ca exchange mechanism induced by the cardiotonic steroid (Kass et al., 1978). How-

a
"‘zv 1200
+20 3
—aa —‘ I—
¢ c
b
0 1 —200
3 : 2
—1000 - Control e M
100 &
0 9 t ‘10!
| DeHE 6 min
0 o\
1 5 10
Step
DeHE 10 min
d
DeHE
-1000 - —250
. M z
£ _500 - X s =
—
° TTTT Ity o
-4 0 4 8 2 § 10 2 30
t 1 Time (min)

Wash

Figure 8 Depressant effect of dehydroevodiamine (DeHE, 0.1 uM) on transient inward current (J;;) of a single ventricular myocyte
induced by 2 pmM strophanthidin in low-K and high-Ca superfusate. Panel (a) shows the experimental protocol. The holding
potential was —44 mV. A 1200 ms depolarizing pulse to +20 mV was applied every 6 s for 10 steps. In (b), 1; induced by the first
and the tenth step (arrow) were superimposed before (Control) and during exposure to DeHE for 6 min (middle panel b) and
10 min (lower panel b). Panel (c) shows the amplitudes of the first [;; on repolarization from first to the tenth steps. Curve C (open
(O) circles) indicates the values before DeHE exposure; (@) (2), (A) (6') and (H) (10°) indicate time-dependent reduction in /;
during DeHE superfusion. W indicates that the value of /; decreased to baseline after washout of DeHE for 2 min. Panel (d) shows
time course of changes induced by 0.1 uM DeHE in slow inward Ca current (/;) on depolarization and transient inward current (/;)
on repolarization. Left ordinate scale gives amplitudes of I; (X) and right ordinate values of I; (@) in pA. DeHE was added
between the two vertical lines. Abscissa scale gives time in min. Upward arrow (time 0) indicates beginning of DeHE exposure
while downward arrow shows washout of DeHE.

Table 4 Percentage inhibition of slow inward Ca current (I;) and transient inward current (/;) induced by dehydroevodiamine
(DeHE)

Step 1 Step 5 Step 10

Condition n I; (A%) I; (A%) I (A%) I; (A%) I (A%) I; (A%)
DeHE

2 min 8 —-6%2 -29+13* -—-12%7 —24 5+ -7%1 -331x7*

5 min 8 -14%5 -56*+10* -10%4 =577+ -12+3* ~55+8*

10 min 8 —27+9* 7810 -—15%5* -77x7* —-17 14+ -78+7*
Wash

10 min 6 -37%£11* -—-86%13* -—-2518* —-86* 6* —-24 + 8* =71 £ 10*

20 min 4 —-34+9* —-100x0* -33%11* -100%0* —-39+9* -87%11*

30 min 4 —41+8* -100x0* -41%10* -100%0* —-41+8* -—100+0*

The ventricular myocytes were superfused in high-Ca and low-K solution containing 2 uM strophanthidin. Values are means % s.e. of
the percentage reduction in I or I; as compared with control values before DeHE (0.1 um) exposure. *P <0.05, significantly different
from control by one way ANOVA.
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ever, as indicated by the findings of our previous experiments
on rabbit sinoatrial tissues and high-K depolarized guinea-
pig ventricular tissues (Lin et al., 1990), the inhibitory action
on transmembrane Ca current is also important for the
depressant effect of DeHE. In human multicellular atrial
preparations, DeHE (0.1-0.3 uM) also depressed the Ca-
dependent automatic rhythm and the slow response action
potential generated at a depolarized level (MDP near
—40 mV). Thus a reduction of Ca influx may be involved in
the depression of DAD and aftercontraction induced by
2.5 puM adrenaline in human atrial tissues (unpublished obser-
vations). Further experiments using human atrial myocytes
are required to clarify this point.

In multicellular guinea-pig and rabbit ventricular muscle
fibres (Lin et al., 1990), DeHE at low concentrations
(0.1-0.3 uM) has been shown to increase the APD. The
prolongation of APD could be due to either an enhanced Ca
influx or an inhibited K conductance. The marked depressant
effect of I, and the lack of enhancement of Ic, observed in
the present experiments suggest that the depressed K conduc-
tance was responsible for the increase in APD. An increase in
APD and refractory period could exert a protective effect
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Pharmacological characteristics of 5-hydroxytryptamine
autoreceptors in rat brain slices incorporating the dorsal raphe

or the suprachiasmatic nucleus

1J.J. O’Connor & ?Z.L. Kruk

Department of Pharmacology, Queen Mary & Westfield College, Mile End Road, London E1 4NS

1 Changes in extracellular concentrations of 5-hydroxytryptamine elicited by electrical stimulation in
rat brain slices containing the dorsal raphe nucleus and the suprachiasmatic nucleus were monitored
with fast cyclic voltammetry.

2 Using pseudo single pulse stimulation (5 pulses applied at 100 Hz) we have shown that the release of
S-hydroxytryptamine in the dorsal raphe and the suprachiasmatic nucleus can be regulated by auto-
receptors in both brain regions.

3 In the suprachiasmatic nucleus, 5-carboxamidotryptamine, RU24969, 1-(m-trifluoromethylphenyl)
piperazine and sumatriptan caused a concentration-dependent inhibition of stimulated S5-hydroxy-
tryptamine overflow in the range 1 X 10-°M to 3 x 10~®M. The actions of 5-carboxamidotryptamine
and RU24969 were reversed competitively by methiothepin (10~ M to 10-°M); Schild plots revealed
pKg values of 7.9 and 8.1. By contrast, ipsaparone and 8-hydroxy-2(di-n-propylamino)tetralin (8-OH-
DPAT) are not effective 5-hydroxytryptamine autoreceptor agonists in the suprachiasmatic nucleus.

4 Isamoltane (106 M), the putative 5-HT,p receptor antagonist, blocked the responses to RU24969
(10~°M) and 1-(m-trifluoromethylphenyl)piperazine (10~°M) in the suprachiasmatic nucleus.

5 In the dorsal raphe nucleus, 8-OH-DPAT, ipsapirone, RU24969, 5-carboxamidotryptamine, and
sumatriptan (all 1 X 107®*M to 3 x 107*M) produced a concentration-dependent reduction in the
stimulated release of S-hydroxytryptamine. The maximum effect observed was less than that seen in the
suprachiasmatic nucleus.

6 Methiothepin (1 X 107 M) blocked the effect of 5-carboxyamidotryptamine (108 M to 10~° M) in the
dorsal raphe nucleus while propranolol (10-¢ M) and NAN-190 (10~ M) but not isamoltane (10~ M)
were found to block significantly the effect of ipsapirone (10-¢M).

7 We conclude, that drugs with 5-HT,, binding activity act as agonists in the dorsal raphe nucleus
while drugs showing some activity for 5-HT; and 5-HT,p, binding sites, act as agonists in the
suprachiasmatic nucleus. Our results confirm predictions from binding studies, that functional 5-HT
autoreceptors regulating release of endogenous 5-HT have different drug specificity in the dorsal raphe

and suprachiasmatic nucleus.
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Introduction

Ligand binding studies in vitro, and autoradiographic studies
in brain slices, indicate a heterogeneity of 5-hydroxytrypt-
amine (5-HT) receptors in the rat brain (Peroutka & Synder,
1979; Bradley et al., 1986, Hoyer et al., 1986a,b; Peroutka,
1988a,b). Three types of 5-HT receptor (designated 5-HT, , ;)
have been described on the basis of work with ligands, which
have subsequently been shown to be either agonists or com-
petitive antagonists of 5-HT receptors in functional studies
(see Bradley et al., 1986; and Peroutka, 1988a for reviews);
there is speculation about the existence of 5-HT, receptors
(Schenker et al., 1987; Dumuis et al., 1989).

5-HT, receptors were originally characterized as having
selective affinity for 5-HT, and differentiated from S5-HT,
receptors which had selective affinity for spiperone (Peroutka
& Snyder, 1979). Subsequent studies divided 5-HT, receptors
into four subtypes, based on affinity of agonists, brain distri-
bution and species. 8-Hydroxy-2(di-n-propylamino)tetralin
(8-OH-DPAT) (Middlemiss & Fozard, 1983) and ipsapirone
(Dompert et al., 1985) were shown to be selective agonists at
5-HT 4 receptors. They were found postsynaptically in cortex

! Present address: Department of Pharmacology, University of Dub-
lin, Trinity College, Dublin 2, Ireland.
2 Author for correspondence.

of all species examined (Hoyer et al., 1986a), and presynap-
tically in the dorsal raphe nucleus of the rat (De Montigny et
al., 1984; Sprouse & Aghajanian, 1986) where they serve as
5-HT autoreceptors. It has been suggested (Sills ez al., 1984)
that RU24969, and TFMPP are selective ligands for 5-HTs
receptors on 5-HT axon terminals in the rat (Pazos &
Palacios, 1985), and that 5-HT,s receptors serve as auto-
receptors at these sites (Middlemiss, 1984; Engel et al., 1986).
In species other than rat (including man, calf, pig and
guinea-pig), it has been generally accepted that axon terminal
5-HT autoreceptors constitute a separate class designated
5-HT,p, (Heuring & Peroutka, 1987; Waeber et al., 1988),
although Herrick-Davis & Titeler (1988) and Limberger et al.
(1991) suggest that both 5-HT,3 and 5-HT,p receptors may
coexist in the rat. Sumatriptan (GR 43175; Humphrey et al.,
1988) has been shown to be a selective agonist at 5-HT)p
receptors. 5-HT,c receptors have been found in all mam-
malian species examined, present on the choroid plexus only
(Pazos et al., 1984; Hoyer et al., 1989); they have not been
associated with 5-HT autoreceptor function.

No selective competitive antagonists have been described
for 5-HT, receptor subtypes (Peroutka, 1988a,b). Methio-
thepin can competitively block all 5-HT, receptor subtypes as
well as 5-HT, receptors; propranolol has antagonistic actions
at 5-HT,, and 5-HT; receptor types as well as at p-adreno-
ceptors (Gothert, 1990). NAN-190 has antagonistic activity at



5-HT, receptor subtypes (Glennon ez al., 1988) and isamol-
tane (Schoeffter & Hoyer, 1989) has weak selectivity for
5-HT,p receptors.

Among the mechanisms regulating 5-HT release at both
somatodendritic and axon terminal sites, are 5-HT autorecep-
tors (reviewed by Starke et al., 1989; Kalsner & Westfall,
1990). Electrophysiological and behavioural studies in vivo,
have shown that 5-HT,, receptor agonists applied to the
dorsal raphe nucleus, act on 5S-HT autoreceptors which regu-
late firing of S-HT neurones (De Montigny et al., 1984;
Dourish et al., 1986, Vander Maelen et al., 1986; Sprouse &
Aghajanian, 1986; Haj-Dahmane er al., 1991). The conse-
quences of changes in the electrical activity of 5-HT nerve
cells on release of 5-HT at axon terminals has been investi-
gated in vivo by voltammetry and dialysis. When 5-HT,
selective agonists were applied either systemically or into the
dorsal raphe nucleus (Marsden & Martin, 1986; Sharp et al.,
1989) activation of 5-HT,, receptors in the raphe nuclei lead
to decreased 5-HT metabolism and release at axon terminals.
At 5-HT axon terminals, 5-HT,g agonists have been shown
to decrease 5-HT release and metabolism by acting at ter-
minal S-HT autoreceptors (Middlemiss, 1985; Martin &
Marsden, 1986; Limberger et al., 1991).

The involvement of 5S-HT in many neurological, psychiatric
and neuroendocrine disorders means that there is a real
prospect of novel therapies for a wide range of clinical
disorders, if drugs acting selectively and specifically at 5-HT
receptors can be developed (Meltzer, 1990). Discovery of
such agents depends on qualitative and quantitative charac-
terization of 5-HT receptors in the central nervous system.
While electrophysiological studies have good anatomical pre-
cision, quantitative characterization of the receptors involved
can be difficult in vivo, as the concentration of drugs can be
difficult to measure. By contrast, in biochemical studies in
vitro where the concentration of ligands can readily be deter-
mined, the site of action of the drug may be difficult to
determine in either brain slices or broken cell preparations.

We have shown that fast cyclic voltammetry can monitor
changes in the extracellular concentration of 5-HT following
electrical stimulation in either the dorsal raphe nucleus
(DRN) or the suprachiasmatic nucleus (SCN; O’Connor &
Kruk, 1991a,b). This method is anatomically precise, as the
electrodes are small (being an exposed carbon cylinder
measuring 7pm by 30 um). Quantitative pharmacological
characterization of dopamine autoreceptors is possible, when
fast cyclic voltammetry is applied in suitably prepared brain
slices (Bull et al., 1990; Bull & Sheehan, 1991; Palij et al.,
1990). In order to study pulse to pulse regulation of release
of 5-HT and to measure effects of agonists at 5-HT auto-
receptors, it is necessary to work under conditions when the
endogenously released 5-HT does not act to modulate its
own release (Singer, 1988). We have shown (O’Connor &
Kruk, 1991b) that single pulse electrical stimulation does not
release sufficient 5-HT for it to be measurable reliably above
the background. To overcome this, we have used a short
burst of stimuli (pseudo single pulse stimulation; Singer,
1988; Cejna et al., 1990; Limberger et al., 1991) which we
have shown causes 5-HT release which is unaffected by the
presence of methiothepin, indicating that such short periods
of stimulation do not activate 5-HT autoreceptors.

Here, we describe results of qualitative and quantitative
experiments in which we have studied the effects of 5-HT,
ligands on their ability to modify release of endogenous
5-HT in an axon terminal region (SCN) or at a somatoden-
dritic site (DRN). A preliminary account of some of these
findings has been given previously (O’Connor & Kruk, 1990;
1991c).

Methods

All experiments were carried out on rat brain slices prepared
and treated as has been described in detail previously
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(O’Connor & Kruk, 1991a); only a brief outline is presented
here.

Preparation of brain slices

Male Wistar rats (150-250g) were killed and the brain
gently and rapidly removed into ice cold oxygenated artificial
cerebrospinal fluid (ACSF; composition in mM: NaCl 125,
KCl 2.0, KH,PO, 1.25, MgSO,.7H,O 2.0, NaHCO,; 25.0,
D-glucose 11.0, CaCl, 2.0) and saturated with 5% CO, in
oxygen. Blocks of tissue, 3 mm thick containing either DRN
or SCN were dissected with a razor blade, and a single slice
(350 um) containing either DRN or SCN was prepared with
an Oxford vibratome. The slice was transferred to a full
immersion incubation chamber (Richards & Tegg, 1977) per-
fused at a rate of 1.1 mlmin~! with artificial oxygenated
ACSF maintained at 32°C, and allowed to equilibrate for
1 h

Fast cyclic voltammetry

Following a 1h equilibration period, a single carbon fibre
microelectrode (8 pm diameter and 30-50 pm exposed tip)
was located 80 um below the surface of the brain slice in
either brain region, and a bipolar stimulating tungsten micro-
electrode (tip separation 200 um) was implanted at the same
depth about 100—200 pm away from the carbon fibre elec-
trode. Fast cyclic voltammetry was applied twice a second,
and the oxidation peak of 5-HT (+ 600 mV) was monitored
with a sample and hold device, and displayed on a chart
recorder. Variations in the height of the peak at +600 mV
were used to monitor changes in the extracellular concentra-
tion of S-HT during electrical stimulation. A triphasic W
shaped voltage wave form was applied, and the applied
potential as well as the resulting current waveform were
monitored on a digital storage oscilloscope (Nicolet 310;
Figure la and b). Fast cyclic voltammetry was performed
with a Millar voltammeter (PD Systems, West Molsley, Sur-
rey) and voltammetric current signals were applied to a CED
1401 interface for digitalization and storage of wave forms
on hard disk using CED signal averaging (Sigavg) software.
Electrodes were calibrated in solutions of 5-HT before and
after each experiment; concentrations in brain slices were
determined by interpolation of calibration curves (see O’Con-
nor & Kruk, 1991a).

Electrical stimulation

In the DRN or SCN single pulse (0.1 ms width, 20 V ampli-
tude; 1P), S single pulses applied at 100 Hz (5P/100 Hz) or
repeated stimulation was controlled by a Neurolog system
incorporating a DS2 constant voltage stimulator.

Experimental procedure

All drugs were dissolved in ACSF and applied at increasing
concentration in a cumulative manner. Each agonist concen-
tration was superfused until the response achieved a plateau
(less than 30 min). In the studies using methiothepin and
5-CT or RU24969, a concentration-response curve was car-
ried out with the agonist and the slice was then washed with
drug free ACSF. The slice was then equilibrated with a single
concentration of methiothepin (10-%, 10~7 or 10~°M) for 1 h
before a second agonist concentration-response curve was
performed. Concentration-ratios were calculated at the ECs,
level and used to construct Schild plots (Arunlakshana &
Schild, 1959; Kennakin, 1984) in order to derive pKg values.
The maximum % inhibition of 5-HT overflow (Eg,,) caused
by each agonist was calculated. On occasion (for example see
Figure 6) a single concentration (10-°M) of agonist was
perfused into the slice chamber for 30 min. The slice was
then equilibrated with antagonist alone for 1h before the
same concentration of agonist was perfused in the presence
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of the antagonist. Maximum changes in stimulated 5-HT
overflow were then calculated for the agonist in the absence
and in the presence of the antagonist.

Drugs and solutions

Drugs were obtained from the following sources: 5-hydroxy-
tryptamine (5-HT) HCI (Sigma); TFMPP (1-(m-trifluoromethyl-
phenyl)piperazine; Research Biochemicals Incorporated),
8-OH-DPAT (8-hydroxy-2(di-n-propylamino)tetralin; Research
Biochemicals Incorporated). The following were generous
gifts from the sources indicated: methiothepin maleate (Hof-
mann La Roche), RU24969 (5-methyoxy-3(1,2,3,6,-tetrahydro-
4-pyridinyl)-1H-indole; Russel Uclaf), ipsapirone (TVX Q
7821; Troponwerke, Koln, Germany), NAN-190 (1-(2-meth-
oxyphenyl)-4- [4-2 (phtalimmido) butyl] -8-azaspiro (4,5)
decane-7,9-dione; Dr Richard Glennon, Medical College of
Virginia, Richmond, VA, U.S.A.), isamoltane (Ciba Geigy)
and buspirone HCl (Bristol-Myers Company). We thank
Glaxo Group Research for the following drugs: S-carbox-
amidotryptamine (5-CT) and sumatriptan (GR43175; 3-(2-
dimethylamino)ethyl-N-methyl-1H-5-methane sulphonamide).

Statistical analysis

Examples of raw data are shown where appropriate. Means
and standard deviations were determined from pooled data
and levels of statistical significance were determined by pair-
ed or unpaired Student’s ¢ test as appropriate. Slopes and
intercepts in Schild plots were determined from linear regres-
sion programmes available on an Apple Macintosh computer
(Cricket Graph and Statsview 512).

Results

Voltammetric identification of release substance

The applied potential waveform and the charging current
flowing in the carbon fibre microelectrode are shown in
Figure la and b respectively. The upper trace in Figure 1b
represents the faradaic current superimposed on the charging
current obtained in the SCN of the rat during a train of 50
pulses applied at 100 Hz. Digital subtraction of the charging
current (oscilloscope or computer) reveals the faradaic cur-
rent (Figure 1c). A single oxidation peak (O) is seen at
+600 mV and two reduction peaks (r; and r,) are observed
at 0 and —200 mV respectively. Figure 1d shows the faradaic
current obtained in the DRN during a train of 25 pulses
applied at 100 Hz. Figure le shows the faradaic current in
the presence of 1 x 10~7M 5-HT in vitro.

Effect of 5-HT receptor agonists on stimulated 5-HT
overflow evoked by 25 pulses in the DRN and SCN

Figure 2 shows the results from a typical experiment in which
changes in stimulated 5-HT overflow evoked by trains of 25
pulses were monitored for about 2h in either the DRN
(Figure 2a) or the SCN (Figure 2b) in the presence of 5-CT.
A concentration-dependent decrease in stimulated 5-HT over-
flow was seen and a maximal response of 64% inhibition was
observed in the SCN. In a series of studies summarized in
Figure 3, the effects of 5-CT, buspirone, 8-OH-DPAT and
RU24969 were shown to decrease electrically stimulated 5-
HT overflow in the DRN (Figure 3a) and SCN (Figure 3b)
in a concentration-dependent manner. ECy, values and maxi-
mum inhibition of release (E..:) in both regions are sum-
marized in Table 1 (columns 1/2 and 5/6). Evidence from
experiments using low concentrations of methiothepin
(results not shown; for full details see O’Connor & Kruk,
1991b) indicated that 25 pulses at 50 Hz released endogenous
5-HT which could activate S-HT autoreceptors in both brain
regions, 5 pulse stimulation (see Introduction) was used in all

subsequent experiments to avoid this potentially confounding
effect.

Effects of 5-HT, receptor agonists on changes in
stimulated 5-HT overflow evoked by 5 pulse stimulation
in the SCN

Five pulses at 100 Hz stimulation applied once every 5 min
for up to 6 h in either DRN or SCN resulted in reproducible
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Figure 1 Voltammetric driving ramp and currents. The bar at the
foot of the figure denotes time and applies to all traces. (a) Driving
voltage ramp applied to the carbon fibre electrode. (b) Charging and
charging plus faradaic currents flowing in the carbonfibre electrode
in a rat brain slice containing the suprachiasmatic nucleus (SCN)
before and following a 50 pulse/100 Hz stimulation. (c) Faradaic
current produced after digital subtraction of the charging currents
(shown in b) following the 50 pulse/100 Hz stimulation in the SCN.
(d) Faradaic current produced after digital subtraction of the charg-
ing currents following a 25 pulse/100 Hz stimulation in the dorsal
raphe nucleus (DRN). (e) Faradaic current produced due to the
presence of 0.1 uM 5-hydroxytryptamine (5-HT, following digital
subtraction of the charging current). The peak oxidation and reduc-
tion potentials are indistinguishable in (c), (d) and (e).
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Figure 2 Sample and hold output traces showing the effects of 5-carboxamidotryptamine (5-CT) at the concentrations indicated
upon the height of the peak S-hydroxytryptamine (5-HT) oxidation signal (+600 mV). Electrical stimulation was applied once
every 5 min in either (a) the suprachiasmatic nucleus or (b) dorsal raphe nucleus. After experiments the electrodes were calibrated
in exogenous S-HT at the concentrations indicated by the scale bar.

Table 1 Effect of 5-HT, receptor ligands on stimulated 5-hydroxytryptamine (5-HT) overflow evoked by trains of 25 pulses delivered
at 50 Hz (25P/50 Hz) and trains of 5 pulses delivered at 100 Hz (5P/100 Hz)

DRN SCN
25P(50 Hz 5P[100 Hz 25P/50 Hz 5P[100 Hz
Agonist ECs Eppax ECs Epax ECs Epax ECs Epax
5-CT 213 4721178 25+ 11 48+ 7 67t 16 6441 6.5 5631 866
RU24969 39+19 29+ 5.8 23113 51175 14+2 5076 3.8(2.5) 895
8-OH-DPAT 256 442143 35+19 43%9 36+ 18 242132 — 12+4
Buspirone 6535 427+78 NC NC 140 £ 85 24+95 NC NC
Ipsapirone NC NC 12+10 506 NC NC — —-4t5
Sumatriptan NC NC 180 + 80 36+8 NC NC 42129 706
TFMPP NC NC NC NC NC NC 50+34 905

ECs,: concentration of agonist (nM) required to reduce 5-HT to 50% control values. E,,,: maximum inhibitory effect (%) of agonists.
NC: experiments not carried out. n=3-7 for each value (% s.e.mean). For abbreviations, see text.

and stable release of 5-HT (O’Connor & Kruk, 1991b). The
effects of RU24969 at 3 different concentrations on 5 pulse
stimulated 5-HT overflow in the SCN are shown in Figure
4a. Pooled results for RU24969, TFMPP, 8-OH-DPAT, ipsa-
pirone, sumatriptan, and 5-CT are shown in Figure 4b. In
the SCN RU24969, 5-CT, and sumatriptan (3 X 10~° to
1 X 10~ M) caused a concentration-dependent decrease in 5
pulse stimulated 5-HT overflow. By contrast, ipsapirone and
8-OH-DPAT did not decrease stimulated 5-HT overflow
significantly following S pulse stimulation.

The order of potency of the agonists, and comparison of
the concentration needed to produce a 50% decrease in the
maximum response, and the maximum effect obtainable with
each agonist in both brain regions is summarized in Table 1
(columns 7 and 8).

Effect of methiothepin and isamoltane on the response to
5-HT, receptor agonist in the SCN

Addition of the non selective 5-HT,/5-HT, receptor anta-
gonist, methiothepin, had no significant effect on S pulse
stimulation on its own (see above). However, methiothepin
caused a concentration-dependent parallel shift to the right
of the concentration-response curves to RU24969, 5-CT or

sumatriptan in the SCN (Figure Sa,b and c, respectively).
The same maximum response was obtained to bath-applied
RU24969, 5-CT and sumatriptan in the presence of the
antagonist. In Figures 5d and Se, Schild plots are drawn for
RU24969 and 5-CT respectively. Simple linear regression
analysis showed that the slope in each case was not signi-
ficantly different from unity (0.83 and 1.18 respectively), and
the pKp for methiothepin with RU24969 was 7.9 and with
5-CT was 8.1.

Isamoltane (10-¢M), the putative 5-HT,p receptor anta-
gonist was found to attenuate significantly the maximum
response to RU24696 (10~ M; P<0.01; n =4, compared to
controls) and TFMPP (10-¢M; P<<0.01; n = 4-5, compared
to controls) in the SCN (Figure 6a and b).

Effects of 5-HT, receptor agonists on stimulated 5-HT
overflow evoked by 5 pulse stimulation in the DRN

The effects of 8-OH-DPAT at two different concentrations
on 5 pulse stimulated 5-HT overflow in the DRN is shown in
Figure 7a. Ipsapirone, RU24969, 5-CT and sumatriptan
decreased 5-HT release in a concentration-dependent manner
in response to 5 pulse stimulation in the concentration-range
10-°M to 10-M (Figure 7b). These compounds proved to
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be less potent in the DRN than in the SCN, and even when
the concentration of agonists was increased above 10-¢M in
no case was it possible to obtain a complete inhibition of
S5-HT release. Table 1 (columns 3 and 4) summarizes the
ED;s, and maximum effect of each agonist on S pulse stimu-
lated 5-HT overflow in the DRN.
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Figure 3 The effects of 5-HT, receptor ligands on stimulated 5-
hydroxytryptamine overflow ([S-HT]ex) evoked by trains of 25 pulse/
50 Hz in (a) the dorsal raphe nucleus or (b) the suprachiasmatic
nucleus. The effects of S-carboxamidotryptamine (@), RU24969 (0O),
buspirone (O) and 8-hydroxy-2(di-n-propylamino)tetralin (H) at the
concentrations indicated are shown for both regions. Results are
expressed as percentage inhibition of release when compared to
predrug controls (mean with s.e.mean shown by vertical bars;
n = 4-5) at each observation point. This figure is derived from data
such as that shown in Figure 2 for a single experiment.

| Nj\w NJ\W o N

—Control 10-8pm

10 7m

10" %m

-20 4

—40 -

-60 4

% inhibition of [6-HT]ex

-80

-100
10-"

T T T r : —
1077 107° 10°®% 107 10° 10°
Concentration of agonist (m)

Figure 4 The effects of 5-HT, receptor ligands on stimulated 5-
hydroxytryptamine overflow ([S-HT]ex) evoked by 5 pulse 100 Hz
stimulation in the suprachiasmatic nucleus (SCN). (a) Sample and
hold output, set at the peak oxidation potential for S5-HT
(+600 mV), for a single experiment during application of RU24969
at the concentrations indicated. Vertical bar: 10 nM 5-HT; horizontal
bar: 10s. (b) The effects of S-carboxamidotryptamine (@), RU24969
(O), sumatriptan (A), TFMPP (O), ipsapirone (M) and 8-hydroxy-
2(di-n-propylamino)tetralin (A) on electrically evoked endogenous
5-HT overflow in brain slices containing the SCN. The drugs were
applied at the concentrations indicated and percentage inhibition was
calculated by comparison in each case with pre-drug control release.
Electrical stimulation consisted of 5 X 0.1 ms pulses; 100 Hz; 20 V;
applied every 5Smin. Each point shows the mean with s.e.mean
indicated by vertical bars; n=4-5.

Effect of 5-HT receptor antagonists on the response to
5-HT, receptor agonists in the DRN

Figure 7c shows the concentration-response curve for 5-CT
in the absence and presence of methiothepin in the DRN.
There was a significant reduction in the inhibition of stimu-
lated 5-HT overflow produced by 5-CT in the presence of
methiothepin (P<0.05 for 10-"M and 10-°M 5-CT; n=
4-5).

Isamoltane the putative 5-HT,p receptor antagonist did not
significantly attenuate the response to ipsapirone in the DRN
(results not shown; P<0.73; n=4-5, maximum inhibition
in controls versus maximum inhibition in the presence of
isomoltane).

NAN-190 (1 X 10~®M) the putative 5-HT,, antagonist
when perfused in the presence of ipsapirone (10-¢ M) signi-
ficantly antagonized its effect in the DRN (results not shown;
P<0.01; n=4; compared to controls).

Propranolol in the range 1 X 1078M to 1 X 10~°M had no
effect on stimulated 5-HT overflow in the DRN on its own
(n = 4). However, the response to ipsapirone (107¢M) was
attenuated after pretreatment with 10~*M propranolol
(results not shown; P<0.5; n =4, compared to controls).
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Figure 5 The effects of methiothepin applied at different concentrations on the concentration-response curves to (a) RU24969, (b)
5-carboxyamidotryptamine (5-CT) and (c) sumatriptan in the suprachiasmatic nucleus. Agonists were applied at the concentrations
indicated either on their own (O) or in the presence of 0.1 uM methiothepin (O) or 1.0 umM methiothepin (A). Each point shows the
mean with s.e.mean indicated by vertical bars; n =4-5. (d) and (e) show the Schild plots derived from the data shown in (a) and
(b) respectively. The slopes of the calculated regression line did not differ from unity in either case (0.81 (d) and 1.2 (e)). The effect
of 0.01 pM methiothepin on the concentration-response curves to RU24969 and 5-CT is not shown in (a) or (b) for clarity.

Discussion

The use of a brain slice (where axon terminals and somato-
dendritic sites are separated), is advantageous for receptor
characterization studies. While the use of brain slices had its
limitations in that afferent inputs may be removed, for phar-
macological experiments where the characteristics of auto-
receptors are studied both qualitatively and quantitatively,
this can be regarded as an advantage. In this study, we were
able to study the pharmacology of the axon terminal auto-
receptor in the absence of influences from the nerve cell
body. The suprachiasmatic nucleus was chosen as a represen-
tative axon terminal site, as it possesses one of the highest
concentrations of 5-HT located in axon terminals in the
brain (Saavedra et al., 1974b). The dorsal raphe nucleus was
used as a representative somatodendritic structure which has
been extensively studied.

In vivo voltammetric studies in which either 5-hydroxy-
indoleacetic acid was used as an index of S5-HT release
(Marsden & Martin 1985; 1986) or measurement of endo-
genous 5-HT in dialysates (Sharp et al., 1990) have produced
qualitative information about 5-HT receptor subtypes, but
such studies do not allow quantitative characterization of
autoreceptors at either nerve cell bodies or axon terminals.
Systemic administration of drugs in these studies makes it
difficult to identify a particular anatomical target for action,
although local application of the drug helps. When drugs are
applied systemically, the influence of changes in the firing

rate of 5-HT nerve cell bodies makes interpretation of the
measurement of 5-HT concentrations at axon terminals diffi-
cult, especially if an inhibitor of S-HT uptake is routinely
added to the dialysis fluid (Sharp et al., 1989; 1990).

We have shown in other studies (O’Connor & Kruk,
1991a,b) that fast cyclic voltammetry can be used to measure
rapid (less than 500 ms) changes in the extracellular concent-
ration of S-HT in the dorsal raphe nucleus or in the supra-
chiasmatic nucleus of the rat. In the present study we have
shown that the voltammetric signal observed following elect-
rical stimulation is indistinguishable from the signal obtained
with exogenous 5-HT. In contrast to dopamine systems, we
have found that it is not possible to obtain reproducible
release of 5-HT following single pulse stimulation. Bull et al.
(1990) were able to demonstrate dopamine release in res-
ponse to single electrical pulse stimulation in the caudate
putamen and nucleus accumbens; this may reflect the higher
concentration of dopamine found at these sites. Our inability
to demonstrate 5-HT release following single pulse stimula-
tion may reflect relatively lower concentrations of 5-HT in
the DRN and SCN (Saavedra et al., 1974a,b). Five pulse
stimulation at 100 Hz (a stimulus resulting in release of
endogenous transmitter sufficiently brief to avoid activation
of autoreceptors) has been shown to be an effective tool to
study regulation of [*H]-noradrenaline (Valenta et al., 1988;
Singer, 1988), [*H]-dopamine (Mayer et al., 1988), endogenous
dopamine (Trout & Kruk, 1991) and [*H]-5-HT (Singer,
1988; Fischer et al., 1990; Limberger et al., 1990; 1991).
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Figure 6 The effects of 5-hydroxytryptamine (5-HT) receptor anta-
gonists on stimulated 5-HT overflow ([S-HTlex) in the suprachias-
matic nucleus (SCN). (a) The time course of effect of isamoltane
(1 pM) on inhibition of 5 pulse at 100 Hz stimulated endogenous
5-HT overflow by TFMPP (1 uM) in slices containing the SCN. Each
point shows the mean with s.e.mean indicated by vertical bars; n = 4.
The open bar shows the time course while TFMPP was perfused; the
black bar shows the time course of perfusion of isamoltane. (b) The
effects of isamoltane (1 uM) on RU24969 (1 um)-induced inhibition
of 5-HT overflow is shown in the form of histograms. Each column
shows the mean (s.e.mean indicated by vertical bars) (n=4;
*P<0.01; Isa: isamoltane; RU: RU24969).

Initially we examined the ability of 5-HT receptor agonists
to inhibit endogenous S5-HT release elicited by trains of 25
pulses applied at 50 Hz (500 ms duration of stimulation).
While 5-CT and RU24969 were more potent than ipsapirone
or 8-OH-DPAT at inhibiting endogenous 5-HT release in the
SCN, the same four agonists were approximately equipotent
when their ability to inhibit release of 5-HT was examined in
the DRN. In neither region did any of the drugs cause a full
inhibition of stimulated 5-HT overflow. Experiments using
methiothepin (0.1 uM; O’Connor & Kruk, 1991b) indicated
that stimulations with 25 pulses at 50 Hz released endo-
genous 5-HT which activated 5-HT autoreceptors in both
brain regions. It is likely that the perfused exogenous agonist
competes with the released endogenous 5-HT when these
stimulation parameters are used. This may account for the
high EC;, values observed in the SCN when compared to the
ECs, values obtained with stimulations of 5 pulses at 100 Hz
(Table 1 columns S and 7).

Five pulse stimulation was used in all subsequent experi-
ments to avoid the potentially confounding effects of the
endogenous S-HT inhibiting its own release or preventing
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Figure 7 The effect of 5-HT, receptor ligands on stimulated 5-
hydroxytryptamine overflow ([5-HTlex) evoked by 5 pulses at 100 Hz
in the dorsal raphe nucleus (DRN). (a) Sample and hold outputs
showing traces from a single experiment in which 8-hydroxy-2(di-n-
propylamino)tetralin (8-OH-DPAT) was applied at the concentra-
tions indicated. Horizontal bar: 10 S; vertical bar: 10 nM 5-HT. (b),
The effects of 5-HT, ligands present at the concentrations indicated
upon inhibition of overflow of endogenous 5-HT evoked by 5 pulses
at 100 Hz in brain slices containing the DRN (8-OH-DPAT W),
5-carboxamidotryptamine (5-CT, O), ipsapirone (A), sumatriptan
(A) and RU24969 (O); each point shows the mean (s.e.mean shown
by vertical bars; n = 4-7). (c) The effect of 0.1 uM methiothepin (@)
on the concentration-response curve to 5-CT (O) in the DRN; each
point shows the mean with s.e.mean indicated by vertical bars;
n=4-7.

access of exogenously applied drug to the autoreceptors
under study. Using this stimulus, we have shown (O’Connor
& Kruk, 1991b) that release of endogenous 5-HT is unaffect-
ed by the presence of 1 uM methiothepin, thus indicating that
this stimulus is not susceptible to autoreceptor regulation.
Therefore by using 5 pulses at 100 Hz stimulation in both
regions, we were able to study the effects of agonists and
antagonists in the absence of autoinhibition by endogenous
S5-HT.

Using the agonists and 5 pulses at 100 Hz stimulation, it
was possible to establish an agonist potency series in the
SCN. RU24969, TFMPP and S5-CT were virtually equipo-
tent, more potent than sumatriptan, much more potent than
8-OH-DPAT and ipsapirone. The order of potency of agon-
ists in this study is in accord with that described by



Limberger et al. (1991) who measured the ability of 8-OH-
DPAT, 5-CT and RU24969 to inhibit [*H}-5-HT release in
slices of rat cortex. It is interesting to note, that in common
with Limberger et al. (1991), we find that perfused exogenous
5-HT (in the presence of 1 X 10~*M fluvoxamine to block
5-HT uptake) inhibited in a concentration-dependent man-
ner, 5 pulse stimulated 5-HT overflow in the SCN, and had
a potency intermediate between that of RU24969, 5-CT,
TFMPP and 8-OH-DPAT (ECs 110 nM; E_,, 82%; O’Con-
nor & Kruk, unpublished observations). 5S-HT applied to the
perfusion medium in the absence of uptake inhibitor had
very little effect on stimulated 5-HT overflow, even when
concentrations as high as 1 uM 5-HT were used.

None of the agonists studied caused complete inhibition of
stimulated 5-HT overflow in the dorsal raphe nucleus. This
does not imply that these drugs were acting as partial agon-
ists, since 5-HT (in the presence of fluvoxamine; 1 uM) caused
a similar degree of inhibition as that exerted by the more
selective agonists used (O’Connor & Kruk, unpublished
observations). We conclude that either a full agonist for
5-HT,, autoreceptors has yet to be discovered, or electrically
stimulated 5-HT release cannot be completely inhibited by
activation of 5-HT autoreceptors at this site.

Methiothepin was found to act as a competitive antagonist
to RU24969, 5-CT and sumatriptan in the SCN. Detailed
concentration-response studies showed that the pKjg for
methiothepin appears constant when measured against 5-CT
or RU24969 in the SCN with values of 7.9 and 8.1 respec-
tively; this is in excellent agreement with the value of 7.9 in
rat cerebral cortex determined by Limberger et al. (1991),
and a K, value of 7.3 in ligand binding studies in rat brain
(Hoyer & Middlemiss, 1989). Isamoltane, the putative 5-HT
antagonist (Schoeffter & Hoyer, 1989) was able to antagonize
the effects of TFMPP and RU24969 in the SCN, but it was
not established whether this antagonism was competitive.
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Conclusions
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Effects of vapiprost, a novel thromboxane receptor antagonist,

on thrombus formation and vascular patency after
thrombolysis by tissue-type plasminogen activator

'Hiroyuki Matsuno, Toshihiko Uematsu, Kazuo Umemura, Yoshiharu Takiguchi,
Kouichirou Wada & Mitsuyoshi Nakashima

Department of Pharmacology, Hamamatsu University, School of Medicine, Hamamatsu 431-31, Japan

1 A thrombus was induced in the rat femoral artery by endothelial damage due to the photochemical
reaction between systemically-injected Rose Bengal and transillumination with green light (wavelength:
540 nm). The artery of the control rat was completely occluded in 302.8 £ 27.0 s after the initiation of
the reaction.

2 Pretreatment with vapiprost (0.1, 0.3 and 1.0 mg kg™, i.v., 5 min before the reaction) prolonged the
time required to occlude the femoral artery in a dose-dependent manner. The efficacy of vapiprost on
the time required for occlusion was over 10 times higher than that of aspirin which was administered
30 min before the reaction.

3 The thrombolytic effects of tissue-type plasminogen activator (tPA) on the established arterial
thrombus in the presence and absence of vapiprost were also studied in the same model. When vapiprost
(0.3 mgkg', i.v.) was administered just before tPA infusion (100 g kg=' min~! for 30 min), the time
required to reperfuse the occluded artery was reduced, the incidence of the reperfusion was increased
and the arterial blood flow after reperfusion was improved.

4 When vapiprost (1.0 mg kg™' daily p.o.) was administered for 1 week after the establishment of
reperfusion by tPA combined with vapiprost, the patency of the reperfused artery was improved and the
femoral arterial blood flow was better preserved than after treatment with only tPA.

5 These findings suggest that this thromboxane receptor antagonist may be a useful adjunct to
anti-thrombotic therapy. The combination therapy with tPA may be more effective than treatment with

1
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tPA alone and provides greater protection against reocculsion after reperfusion.

Keywords:
patency of reperfused vessel

Vapiprost; thromboxane receptor antagonist; antithrombotic effect; tissue-type plasminogen activator; reperfusion;

Introduction

Platelets play an important role in thrombus formation
associated with various ischaemic vascular events. Recently,
the so-called ‘arachidonic cascade’, which liberates various
prostaglandins from the vascular wall and platelets, was fully
elucidated. It has been suggested that deterioration of the
balance between thromboxane A, (TXA,) production by
platelets and prostaglandin I, (PGl,) production by endothe-
lial cells may be a trigger to ischaemic disease because TXA,
subsequently causes powerful platelet aggregation and con-
traction of blood vessels, while PGI, counteracts TXA,
(Aiken et al., 1980). Anti-platelet drugs which inhibit platelet
aggregation and possess a relatively low risk of general
bleeding, are frequently prescribed for the treatment of
ischaemic disease and thrombosis. On the other hand, throm-
bolytic therapy with tissue-type plasminogen activator (tPA)
is highly effective for recanalization of the coronary artery
obstructed by intraluminal thrombi (Collen er al., 1984; Wil-
liams et al., 1986). However, the thrombolytic therapy is not
necessarily free from spontaneous reocclusion of the reper-
fused vessel, especially in the vessel with a residual stenosis of
80% or more (Gold et al., 1986). Recent data suggest that
TXA, may play a role in reocclusion following tPA-induced
thrombolysis (Shebski er al., 1988). We have established a
model of arterial thrombosis in the rat femoral artery (Mat-
suno et al., 1991). This thrombus is platelet-rich and quite
representative of that observed clinically (Friedman et al.,
1966). It has been suggested that platelet-rich regions are

' Author for correspondence.

more resistant to antithrombotic or thrombolytic interven-
tions than erythrocyte-rich ones (Ik-Kyung et al., 1989). In
the present study, we have therefore examined the efficacy of
the novel thromboxane receptor antagonist, vapiprost, on the
prevention of platelet-rich thrombus formation in the rat
femoral artery induced by a photochemical reaction, in com-
parison with a well-known cyclo-oxygenase inhibitor, aspirin
and inhibition of reocclusion of the femoral artery reperfused
with tPA.

Methods

Male Wistar rats (weighing from 240 to 260 g) were used.
These rats were anaesthetized by intraperitoneal injection of
50 mg kg~! of sodium pentobarbitone. Animals were allowed
to breathe spontaneously. Body temperature of the rats was
maintained at 37.5°C with a heating-pad (American Pharma-
seal Company, K-module Model K-20).

Induction of thrombus in the femoral artery

The experimental procedure to induce a thrombus in the rat
femoral artery has been described elsewhere (Matsuno et al.,
1991) in detail. In brief, a short incision was made in the skin
and subcutaneous tissue on the right groin region and the
femoral neurovascular sheath was gently exposed. A S mm-
long portion of the right femoral artery distal to the ingun-
inal ligament was isolated by rubbing it against the blade of
a forceps, and a pulsed doppler flow probe (Model PDV-20
Crystal Biotech, U.S.A.) positioned for monitoring blood
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flow. The contralateral femoral artery and vein were cannu-
lated for monitoring blood pressure and pulse rate and for
drug delivery by intravenous injection, respectively. Transil-
lumination with green light was achieved by use of a xenon
lamp with a heat absorbing filter and a green filter (a band
width of 54 nm centered at 540 nm; Hamamatsu Photonics
Inc., Japan). The light was directed by an optic fibre mount-
ed on a micromanipulator so that the head would be approx-
imately Smm away from the intact right femoral artery,
proximal to the flow probe. About 10 min after establishing
the baseline blood flow, the irradiation with green light was
started, and after 10 min, Rose Bengal (10 mgkg~') was
injected. The arterial blood flow, blood pressure and pulse
rate were continuously monitored on a multi-channel
thermo-pen writing oscillograph (WS-681G, Nihon Kohden,
Japan). The femoral artery was judged to be occluded when
the blood flow fell almost to zero.

Experimental protocol

Aspirin (3 and 10mgkg~') and vapiprost (0.1, 0.3 and
1.0 mgkg™') were administered intravenously 30 min and
5 min before the injection of Rose Bengal, respectively. The
transillumination with green light was continued until the
artery was occluded. The observation was continued for 1 h
after the injection of Rose Bengal. Because both agents were
dissolved in different solvents, i.e. aspirin was dissolved in
saline and vapiprost was dissolved in 50 mM phosphate
buffer (pH 7.4), control experiments were performed separ-
ately for each of the agents using the appropriate solvent.

In the thrombolytic study with tPA, the i.v. infusion of
which with an infusion pump (Model 22, Harvard, U.S.A.)
was started immediately after the establishment of occlusion
of the femoral artery and continued for 30 min at a rate of
100 pg kg~! min~', observation was continued for 1.5 h after
the cessation of tPA infusion. Just before starting the infus-
ion with tPA, care was taken to flush out any heparin
solution (about 100 ukg~') remaining in the catheter. The
patency of the reperfused artery was assessed at 24 h and at 1
week after the above procedures. Control values were obtain-
ed by infusion of saline instead of tPA. The effects of co-
administration of vapiprost were assessed when vapiprost
(0.3 mg kg~', i.v.) was injected once just before the infusion
of tPA and when oral administration of vapiprost (1.0 mg
kg~') was subsequently continued for 1 week following the
acute i.v. bolus injection. The artery was defined as reper-
fused when the blood flow was restored to more than 25% of
the baseline value.

Ex vivo whole blood aggregation

In a separate experiment using 10 rats, the time-profiles of
plasma concentration and suppression of whole blood aggre-
gation ex vivo were investigated after i.v. injection of vapi-
prost (1.0 mg kg~"). Blood samples (5 ml each) were collected
into plastic tubes containing 300 pl of 50 u ml~! heparin from
the descending aorta under anaesthesia with sodium pento-
barbitone (50 mg kg~!, i.p.) after either 5, 30 or 60 min after
the injection and, then, the rat was killed. An impedance
aggregometer (C550S, Chrono-log Corp., U.S.A.) was used.
Collagen was used and the increase in electrical impedance
was observed until the tracing reached a plateau.

Histopathological observation

At the end of some experiments using tPA only or in com-
bination with vapiprost, whether the occluded artery (n = 4)
was reperfused or not, the rats were killed with an overdose
of pentobarbitone and the irradiated segments of femoral
arteries were excised. These segments were immediately fixed

with 2.0% glutaraldehyde in 0.1 M sodium phosphate buffer
for 1 h. Each segment was cut open longitudinally to allow
visual inspection, and these sections were processed for
routine scanning with an electron microscope (SEM).

Agents

Aspirin and heparin were purchased from Sigma and Nobo-
industry, Denmark, respectively; vapiprost and tPA (TD-
2061) were a gift from Glaxo Group Research Ltd, England
and Daiichi C.L., Japan, respectively.

Statistical analysis

All data are expressed as the mean * standard deviation
(s.d.). Comparisons of femoral blood flow and the time to
reperfusion were performed with unpaired Student’s ¢ test.
Comparison among groups was carried out by use of Wilcox-
on’s test for the time to occlusion and x* test for the
reperfusion rate and the reocclusion rate.

Results

Antithrombotic effects of vapiprost and aspirin in the in
vivo study

Animals from all groups studied had similar body weights
and haemodynamic conditions before induction of throm-
bosis. Typical changes in arterial blood pressure, pulse rate
and femoral arterial blood flow from a control animal are
illustrated in Figure la. Vapiprost-treated groups are also
shown in Figure 2. The lowest dose of vapiprost had only a
slight effect on the occlusion time (681.28 * 58.61 s). How-
ever, 0.3 mgkg™' of vapiprost was significantly effective in
preventing a femoral arterial thrombus (P <<0.01 vs control).
In six of the nine rats, occlusive thrombi did not develop
within 60 min. The times required for occlusion in the three
rats in this group in which the femoral arteries had become
occluded by the formation of thrombi (11, 18 and 21 min,
respectively), were much more prolonged than those with
aspirin. At the highest dose of vapiprost studied (1.0 mg
kg~'), complete cessation of femoral arterial blood flow
could not be obtained in the first 60 min of observation,
although the blood flow itself was diminished as compared
with the control value. Figure 1b and ¢ shows the effects of
vapiprost, i.e., the dose-dependent prolongation of time
required to occlude the artery and cyclic flow variations
(CFVs) in the femoral arterial blood flow. The result of
aspirin treatment is illustrated in Figure 2. Occlusive femoral
arterial thrombi occurred in all 7 rats of the aspirin vehicle-
treated groups in a mean time of 326.6 * 26.9 s. In the group
of rats receiving aspirin at a dose of 3.0 mgkg~', the time
required to occlude the artery was only slightly prolonged
(341.5 £ 32.655). At 10.0 mgkg~! the time to occlusion was
further prolonged (417.0 £ 103.4 s), but with either dose level
the thrombus was finally established within 12 min in all
animals.

Ex vivo study

When platelet aggregation was induced with 1.0 uM collagen,
extensive inhibition by vapiprost was observed as compared
with that of non-treated rats. Vapiprost was very effective in
blocking collagen-induced platelet aggregation ex vivo in this
experiment, inhibition rates of aggregation at 5, 30 and
60 min after administration of vapiprost being 90.6  8.2%,
75.7% 13.3% and 81.9 + 8.9%, respectively. In this case,
plasma concentrations of vapiprost at 5, 30 and 60 min were
1675.5 £ 69.3, 869.7 £ 43.3 and 560.5 £ 17.9 ng ml~!, respec-
tively.
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Figure 1 (a) Simultaneous records of typical changes in blood The incidence of reocclusion with animals reperfused (n = 5)

velocity of the irradiated femoral artery and, pulse rate and blood
pressure from the contralateral femoral artery. (1) Baseline measure-
ments; (2) change before and after the i.v. injection of Rose Bengal
(RB, 10 mg kg™'); (3) 30 min after thrombus formation. Continuous
records of femoral blood flow from two animals receiving vapiprost
at a dose of 0.3mgkg~"' (b) and 1.0 mgkg~' (c). Thrombosis was
induced by the photochemical reaction between xenon light and
Rose Bengal injection.

Thrombolytic effects of tPA alone and vapiprost on tPA

The control resting flows before the formation of thrombus
did not differ significantly between these groups of rats or
any groups tested. The incidence of reperfusion within the
1.5h observation period was 38.5% for tPA (100 pg kg™
min~') and the time to reperfusion was 70.8 £ 11.6 min
(Table 1). Following reperfusion the femoral arterial blood
flow was much decreased as compared with that before
thrombosis. Animals given either saline or vapiprost (1.0 mg
kg™!) alone failed to reperfuse in all cases without tPA
(Table 1). tPA was much more effective in restoring femoral
arterial blood flow in the presence of vapiprost (0.3 mg kg™")
than in the absence of thromboxane inhibition. tPA at 100 pg
kg~'min~! alone produced reperfusion in 5 of 12 rats

was 60% during the 1 week of observation and the femoral
arterial blood flow of the group treated with tPA alone was
much decreased. In rats receiving i.v. injection of vapiprost
just before the infusion of tPA, reocculsion incidence after 1
week was unchanged; however, reocclusion incidence after
24 h was improved as well as the blood flow (Figure 3).
Additionally, after receiving vapiprost for 1 week (1.0 mg
kg~' daily, p.o.), reocclusion incidence and femoral arterial
blood flow were improved in comparison with the other
groups (Table 1, Figure 3).

Histopathological observations

Scanning electron microscopy of femoral arteries collected
after the interruption of blood flow showed that mural
thrombi were present in the lumen of the arteries. The
luminal thrombi were composed of aggregates of platelets
which had entrapped red blood cells within them, and the
central portions of the mural thrombi were rich in fibrin
(Figure 4). Following reperfusion with tPA, platelets remain-
ed anchored to the disrupted arterial wall in spite of restora-
tion of femoral arterial blood flow. However, red blood cells
were lost (Figure 5a). Figure 5b shows a femoral artery after
reperfusion with vapiprost and tPA. When vapiprost (0.3 mg
kg~') was injected before infusion of tPA, platelet aggregates

Frequency of femoral artery reperfusion and reocclusion in the photochemical induced thrombosis model in the rat

Table 1
Reperfusion
Groups n incidence
tPA alone 12 5/12
Group 1 13 11/13*
Group II 6 5/6

Reperfusion Reocclusion

time incidence

(min) 90 min 24 h 1 week
708 £11.6 2/ 1/3 0/2
55.7+8.7* 1/11 2/10 4/8
528+ 11.2* 0/5 1/5 0/4

Data are expressed in means * s.d. *P <0.05 versus tPA-only treated group. Group I was treated with tPA in combination with i.v.
injection of vapiprost just before the start of tPA infusion. Group II: vapiprost (p.0.) was administered for 7 days in addition to single
i.v. administration. Denominators of reocclusion incidence express the number of animals maintaining the reperfusion state at that

time.
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were also observed but in general, aggregates were less preva-
lent in the vapiprost-treated rats than in the tPA-only treated
group, and reocclusion state was similar to the control with-
out tPa treatment. The arterial endothelia were repaired after
1 week, however, examination over a longer period was not
carried out. In the case of the arterial segments in which
blood flow decreased after 1 week, many platelets adhered to
the repaired endothelial surface and the reocclusion state was
observed (Figure 6a). These adherent platelets were also
decreased by administration of vapiprost (0.3 mg kg™"' daily)
for 1 week (Figure 6b).
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Figure 3 Femoral blood flow during the continuous administration
of vapiprost after reperfusion was more increased than that after tPA
alone. The effect of chronic treatment with vapiprost upon tPA-
induced reperfusion and maintenance of blood flow. Infusion of tPA
(100 pg kg~') was started 30 min after the complete cessation of
blood flow and continued for 30 min (indicated by horizontal bar).
Group I was treated with tPA in combination with i.v. injection of
vapiprost just before the start of tPA infusion. Group II was treated
with vapiprost (1 mg kg™' daily, p.o.) which was administered for 7
days in addition to a single i.v. administration. *P <<0.05 versus
tPA-only treated group. Symbols: tPA only (O); Group 1 (@);
Group II (A). Values are mean with s.d. shown by vertical bars.

Discussion

The present study has shown vapiprost to be an effective and
potent antithrombotic drug in vivo in a photochemically
induced thrombosis (PIT) model in the rat. The thrombus
produced subsequent to the injury to the vascular endothe-
lium, is platelet-rich and resembles clinically observed thrombi
(Matsuno et al., 1991). TXA,, although relatively labile, is
synthesized in large quantities by platelets in response to a
variety of stimuli (Best er al., 1980; Ambler er al., 1985).
Thromboxane receptor antagonists (TRAs) such as vapiprost
(Lumley et al., 1989), sulotoroban (Shebuski et al., 1988,
Fujita er al., 1988) and Ah-23848 (Brezinski et al., 1988) have
been shown to interfer with platelet function through specific
competitive inhibition of the platelet membrane receptor that
binds either TXA, or the cyclic endoperoxides intermediate,
PGH,. By preventing the recruitment of platelets and the
secondary release reaction, TRAs may effect a moderate
reduction in TXA, levels (Ashton et al., 1986), but their
mechanism of action is almost entirely through their anta-
gonism of the TXA,-PGH, receptor (Ogletree et al., 1985;
Hanasaki et al., 1988). Vapiprost (GR32191) prevents stimu-
lation of platelet aggregation both by TXA, and its less
potent but longer-lived precursor, PGH,, in a dose-dependent
manner and has been shown to inhibit partially platelet
deposition on damaged arteries and artificial surfaces (McCabe
et al., 1987). In our study of its antithrombotic effect, vapip-

Figure 4 Electronmicrograph of femoral artery showing complete
interruption of blood flow. The lumen of the irradiated arterial
segment is packed with red blood cells; many platelets with pseudo-
pods and fibrin nets on the swollen endothelial cells are shown. The
bar in the photograph denotes 20 um.

rost (1.0 mgkg~") proved to be effective in preventing the
formation of occlusive femoral thrombi. Indeed, occlusion
did not occur in any animals during the 60 min observation
period. However cyclic flow variations (CFVs) were observed
after administration of a single bolus injection of vapiprost
as was observed in dogs (Shebski et al., 1988). The animals
which received the lower dose of vapiprost or the vehicle all
had occlusive thrombi at times similar to those in the control
group (Matsuno et al., 1991), despite the platelet aggregation
response to collagen being inhibited in ex vivo. These results
are supported by the findings of Hornby et al. (1989). The
above investigations suggest that TXA, is an important ele-
ment in the thrombus formation on the vascular wall.
Schmitz et al. (1985) have reported that the increased pro-
duction of thromboxane at the site of the damaged arterial
wall is a very potent trigger for irreversible platelet aggrega-
tion and thrombus formation. Therefore, TRAs, like vapi-
prost, may be very effective antithrombotic agents in clinical
conditions of arterial damage and platelet deposition. The
doses of vapiprost used in this experiment did not influence
systemic haemodynamic parameters. Aspirin, acetylsalicylic
acid (ASA), reduces platelet aggregation by irreversibly inhi-
biting cyclo-oxygenase and thereby preventing platelet PGH,
and TXA, synthesis (Folts ez al., 1988). Although concurrent
inhibition of endothelial cell PGI, production is potentially
detrimental, this does not appear to have been a problem in
models in which high-dose ASA has resulted in a striking
improvement (Kelton et al., 1978; Wu et al., 1981; Zammit et
al., 1984).

The results of the thrombolytic study demonstrated that
the administration of vapiprost increased the incidence of
reperfusion, shortened the time to tPA-induced arterial
thrombolysis and increased the femoral arterial blood flow
after reperfusion. These results suggest that inhibition of
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Figure S The luminal surface of a femoral artery after successful
thrombolysis. Note the presence of platelets with pseudopods adhe-
rent to the surface of the vessel in spite of the restoration of blood
flow (a). After combination thrombolytic therapy with tPA and
vapiprost (0.3 mgkg~' i.v.), platelets on the surface of the vessel
decreased as compared with the tPA only treatment (b). The bars in
both photographs denote 5pum.

TXA,-mediated platelet aggregation may be beneficial in the
therapeutic effectiveness of a fiblinolytic agent such as tPA.
The effect may be related to platelet activation and an in-
crease in TXA, that occurs as a consequence of fibrinolytic
administration in experimental animals (Fitzgerald & Fitz-
gerald, 1989). Platelet activation may slow the rate at which
thrombolysis proceeds and may play an important role in
acute rethrombosis. Furthermore, scanning electron micros-
copy has confirmed that platelet aggregation is involved in
spontaneous reocclusion in this study.

Reocclusion after reperfusion has been recognized as one
of the major limitations of thrombolytic therapy. For exam-
ple, the benefit of establishing coronary reperfusion is
significantly offset by an acute spontaneous reocculsion rate
of 20.0% to 45.0%, despite full heparinization (Collen et al.,
1984; Williams et al., 1986; Sheehan et al., 1987). In patients
with myocardial infarction, coronary reocclusion can be
prevented by a maintenance infusion of low doses of rtPA
for up to 4h (Gold er al., 1986). However, these prolonged
infusions caused a significant depletion of circulating fibrin-
ogen of up to 50% of the initial values. In contrast, our
findings have demonstrated that prevention of reocculsion by
the use of combination therapy of tPA and low-dose vapi-
prost has been successful without prolonged tPA infusion.
This supports the concept that residual platelets are one of
the causes of the reocclusion. In the present study, the com-
bination of vapiprost and tPA produced a depression of
platelet reactivity and increase of blood flow after reper-

Figure 6 The luminal surface of a femoral artery fixed 1 week after
successful thrombolysis with tPA alone. There are few blood cells,
however, more platelets remain on the repaired endothelial cells (a).
Following vapiprost treatment for 1 week, blood elements are scarce-
ly present on the luminal surface. Arrows indicate the border line
between the repaired surface of endothelial cells after injury by
photochemical reaction and non-damaged surface (b). The bars in
both photographs denote 5pum.

fusion. However, in the case of once only treatment with
vapiprost, arterial blood flow was not maintained after 1
week. Scanning electron microscopy of arteries collected in
animals with decreased blood flow after 1 week showed that
mural thrombi were present in the lumen of the arteries.
However, the depression of blood flow was prevented by
continous therapy of vapiprost (1.0 mg kg~' daily, p.o.) for 1
week. These examinations strongly suggest that platelet
aggregation plays an important role in spontaneous and
cyclical reocclusion after successful thrombolysis. The results
also suggest that TXA, generation may be activated limiting
the response to fibrinolysis as TXA,-mediated platelet activa-
tion occurs simultaneously with clot dissolution. The inhibi-
tion of TXA,-mediated platelet activation, as with a
combination therapy between tPA and vapiprost, may pro-
vide benefit to thrombolytic therapy.

In conclusion, the results of the present study indicate that
vapiprost is capable of preventing experimentally induced
artery thrombosis. A combination of vapiprost and tPA may
be more effective than tPA alone in enhancing the outcome
of thrombolytic therapy. Continuous therapy with vapiprost
after reperfusion would prevent the acute reocculsion after
reperfusion.
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helpful suggestions provided by Dr P. Lumley.
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Receptor-coupled shortening of a-toxin-permeabilized single
smooth muscle cells from the guinea-pig stomach

Teruaki Ono, {Mitsuo Mita, Osamu Suga, {Takao Hashimoto, 'Kazuhiko Oishi &

Masaatsu K. Uchida

Department of Molecular Pharmacology and {Department of Pharmacology, Meiji College of Pharmacy, 1-35-23 Nozawa,

Setagaya-ku, Tokyo 154, Japan

1 Isolated single smooth muscle cells from the fundus of the guinea-pig stomach were permeabilized by
use of Staphylococcus aureus a-toxin. Receptor-coupled shortening of individual cells was monitored
under phase contrast microscopy.

2 Most of the isolated cells responded to 0.6 uM Ca’*, but not to 0.3 uM Ca’*, with a resulting
maximal shortening to approximately 65% of the resting cell length. The contractile activity of these
permeabilized cells lasted for several hours and repeated shortening was readily achieved after washing
out.

3 Addition of acetylcholine (ACh) at a maximal concentration (10 uM) resulted in a marked decrease
in the concentration of Ca’* required to trigger a threshold response from 0.6 uM to 0.2 uM, and 1 mM
guanosine 5'-diphosphate (GDP) blocked this decrease. Moreover, treatment with 100 pM guanosine
5'-triphosphate (GTP) mimicked the action of ACh.

4 Addition of 100 uM inositol 1,4,5-trisphosphate (InsP;) with 0.2 um Ca?* did not cause cell shorten-
ing, whereas 10uM ACh with 0.2uM Ca’* did, suggesting that InsP;-induced Ca’* release is not
involved in ACh-operated cell shortening.

5 The present study demonstrates an a-toxin-permeabilized single smooth muscle cell preparation
which retains its receptor function and also provides an insight into mechanisms leading to augmenta-

tion of Ca?* sensitivity by stimulation of muscarinic receptors or GTP-binding proteins.
Keywords: Ca’* sensitivity; permeabilization; smooth muscle cells; muscarinic receptor; GTP-binding protein

Introduction

One approach to elucidate the intracellular mechanisms
underlying smooth muscle contraction involves permeabi-
lization of the plasma membrane, which permits manipula-
tion of the intracellular environment. a-Toxin, a cytolytic
exotoxin secreted by Staphylococcus aureus that forms pores
of 2-3 nm diameter in the plasma membrane, has been used
as a tool for selectively permeabilizing the plasma membrane
of, for example, secretory cells to small molecules with
molecular weights up to a thousand daltons (Fiissle et al.,
1981; Ahnert-Hilger et al., 1985; Hohman, 1988). This techni-
que has been applied to whole smooth muscles and prepara-
tions where intact receptors and signal transduction systems
were retained (Nishimura et al., 1988; Kitazawa et al., 1989;
1991). It thus provides a valuable new means of investigating
the mechanisms of stimulus-contraction coupling. One of the
main shortcomings when applying this technique to intact
smooth muscle preparations is the difficulty of ensuring
homogeneous permeabilization of all the cells. In order to
overcome this problem, we have extended the method to
isolated single smooth muscle cells. We have shown for the
first time that a-toxin-permeabilized single muscle cells retain
their receptor function. Moreover, these permeabilized single
cells from the fundus of the stomach are suitable for studying
the increase in Ca’*-sensitivity induced by stimulation of
muscarinic receptors or guanosine 5'-triphosphate (GTP)-
binding proteins.

Methods

Preparation of a-toxin

a-Toxin was purified from the culture supernatant of Staphy-
lococcus aureus strain Wood 46 by the method of Hohman

! Author for correspondence.

(1988). The haemolytic activity of a-toxin was checked with
rabbit erythrocytes. Purified a-toxin was 80-85% pure as
judged by sodium dodecyl sulphate polyacrylamide gel elect-
rophoresis. The purified toxin permeabilized rat basophilic
leukaemia (RBL-2H3) cells to [*H]-adenine but did not per-
mit release of lactate dehydrogenase. Protein was determined
according to Lowry er al. (1951) with bovine serum albumin
used as standard.

Cell isolation

Smooth muscle cells were isolated from the fundus of the
guinea-pig stomach by a modification of the method of Mita
& Uchida (1987). Guinea-pigs (400—800 g) were killed by a
blow on the neck and exsanguinated. The stomach was
removed immediately and the fundus was resected. The
serosa and mucosa were dissected from the muscle layer
of the fundus. Strips of fundic muscle were suspended in
normal N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid
(HEPES)-Tyrode solution bubbled with air at 37°C for
90 min and then transferred to Ca’*-free HEPES-Tyrode
solution (Ca?*-free solution) bubbled with air at 37°C for
75 min. The normal solution had the following composition
(mMm): NaCl 137, KCl 2.7, CaCl, 1.8, MgCl, 1.0, glucose 5.6
and HEPES 4.2 (pH 7.4 at 37°C). The Ca?*-free solution had
the same composition as normal HEPES-Tyrode solution
except that CaCl, was omitted. The tissue was then minced
and incubated with 0.5 mg ml~' collagenase (127.5 unit ml~"),
0.125mgml~' elastase and 0.1 mgml~' trypsin inhibitor in
2ml of Ca’*-free solution containing 4% bovine serum
albumin at 37°C for 80 min with gentle stirring. The suspen-
sion was diluted with 8 ml of Ca**-free solution containing
4% bovine serum albumin and was centrifuged at 120 g. This
washing procedure was repeated once more. The cells were
suspended in 4 ml of Ca?*-free solution and dispersed with a
wide-bore - pipette. The viability of isolated single cells,
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measured by trypan blue exclusion, was more than 90%. The
mean length of intact single cells obtained by this method
was 112+ 3 pum (mean * s.e.mean, n=21). Approximately
50% of the intact smooth muscle cells retained the ability to
contract in response to acetylcholine (ACh); these cells were
spindle shaped and bright, and their surface was smooth.

Measurement of shortening of single cells

Shortening of individual isolated smooth muscle cells was
measured by the method of Mita & Uchida (1987). In brief,
the cell suspension was placed on a silicon-coated glass slide
with a cover slip. The cells were perfused continuously with
Ca’*-free solution at 30°C. The perfusion fluid was intro-
duced from one side of the slide and blotted off with filter
paper from the other side. The silicon-coated glass slide was
placed on the temperature-controlled stage (30°C) of a phase
contrast microscope. The shortening of individual cells
observed by phase contrast microscopy was recorded on a
video tape and the cell length was measured with the
ARUGUS-10 Image Analyzer (Hamamatsu Photonics K.K.,
Japan).

Cell permeabilization

In order to ensure that intact isolated cells did not respond
to extracellular Ca’*, individual cells were perfused before
permeabilization with the cytosolic substitution solution con-
taining an ascending concentration of free Ca’* buffered at
10 nM to 30 uM. The cytosolic substitution solution had the
following composition (mM): potassium propionate 114,
glycoletherdiamine-N,N,N’,N'-tetraacetic acid (EGTA) 1,
MgCl, 4, ATP 4, creatine phosphate 10, and piperazine-N,N'-
bis (2-ethanesulphonic acid) (PIPES) 20 (pH 7.1 at 30°C).
Free Ca’* concentrations were determined according to the
method of Harafuji & Ogawa (1980). After washing the cells
with the Ca’*-free cytosolic substitution solution (the free
Ca’* concentration was estimated to be 2.5 nM), permeabil-
ization was achieved by perfusing with the solution contain-
ing 10 ug ml~! a-toxin and 0.1 uM Ca?* for 3 min. a-Toxin
was then washed out by perfusing with the Ca?*-free cyto-
solic substitution solution, and the effectiveness of perme-
abilization was checked by exposing the cells to the cytosolic
substitution solution containing an ascending concentration
of free Ca’* buffered at 10nM to 3uM, and observing
shortening. After extensive washing with the Ca’*-free cyto-
solic substitution solution for 20 min, responding cells were
isolated and used for experimentation. Since the contractile
response occurred within 90s in all cases, the time of
exposure at each concentration of Ca?* was 120s. The first
shortening was evoked by perfusion with the cytosolic sub-
stitution solution containing an ascending concentration of
free Ca?* buffered at 10 nM to 3 uM. After extensive washing
with the Ca?*-free cytosolic substitution solution for 20 min,
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a second shortening was evoked with an ascending concen-
tration of Ca* in the presence or absence of ACh, GTP, or
guanosine 5’-diphosphate (GDP).

Drugs used

Collagenase (type 1), bovine serum albumin (fraction V),
creatine phosphate and adenosine 5'-triphosphate dipotas-
sium salt (ATP) were purchased from Sigma Chemical Co.
(St. Louis, MO, U.S.A)); elastase, guanosine 5'-diphosphate
dilithium salt (GDP), and guanosine 5'-triphosphate disodium
salt (GTP) were from Boehringer; acetylcholine (ACh, Ovisot)
was from Daiichi Pharmaceutical Co., Ltd. (Tokyo, Japan);
inositol 1,4,5-trisphosphate (InsP;) was from Wako Pure
Chemical Industries (Osaka, Japan); N-2-hydroxyethylpiper-
azine-N'-2-ethanesulphonic acid (HEPES), piperazine-N,N'-bis
(2-ethanesulphonic acid) (PIPES), and glycoletherdiamine-
N,N,N’,N'-tetraacetic acid (EGTA) were from Dojindo
Laboratories (Kumamoto, Japan); potassium propionate was
from Nakarai Tesque (Kyoto, Japan). All other chemicals
were of reagent grade.

Results

Figure 1 shows a typical shortening of an «-toxin-perme-
abilized isolated smooth muscle cell from the fundus of the
guinea-pig stomach induced by increasing free Ca’* in the
cytosolic substitution solution. In most cases, 0.6 um Ca**
caused maximal shortening although 0.3 uM or lower Ca**
did not. In all experiments, the contractile response occurred
within 90 s and reached a steady state within 60s. The cells
were relaxed again by washing with the Ca*-free cytosolic
substitution solution. In a control study in which the same
procedure was carried out without a-toxin, Ca?* in concent-
rations up to 30 uM did not cause cell shortening. The con-
tractile activity was abolished by removal of ATP and
creatine phosphate from the cytosolic substitution solution.

Shortening could be repeatedly evoked by the same thres-
hold concentration of Ca?* for a period of 3 h, but incom-
plete relaxation in the presence of the Ca?*-free cytosolic
substitution solution resulted in a reduction in the absolute
magnitude of subsequent responses (Figure 2A). The data
shown in Figure 2A were, therefore, normalized by taking
the baseline and the maximal shortening of each cell as 0 and
100%, respectively (Figure 2B). Threshold responses to Ca**
were reduced to 0.2 uM from 0.6 pM in the presence of ACh
(10 um) (Figures 2 and 3). The normalized concentration-
response relationships to Ca’* in the presence of ACh were
identical in repeated experiments despite incomplete relaxa-
tion between cycles (Mita & Uchida, 1987).

Addition of 1 mM GDP to the perfusion solution blocked
the sensitization to Ca?* induced by ACh (10 um) (Figure 3).
In order to determine if this effect was evoked as a result of

150 pm

T Wash

Phase contrast photomicrographs showing the typical shortening of an a-toxin-permeabilized single smooth muscle cell

from the fundus of guinea-pig stomach in response to increasing free Ca*. After permeabilization and extensive washing with the
Ca?*-free cytosolic substitution solution for 20 min, cell shortening was evoked by perfusion with the cytosolic substitution solution
containing an ascending concentration of free Ca?* buffered at 10 nM to 3 uM. The cell was re-extended after washing with the
Ca’*-free cytosolic substitution solution for 20 min. The bar represents 50 um.
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Figure 2 Responses of an a-toxin-permeabilized smooth muscle cell to repeated addition of free Ca?* in the presence (@) and
absence (O) of acetylcholine (ACh, 10 uMm). (A) After washing the a-toxin-permeabilized smooth muscle cell with the Ca?*-free
cytosolic substitution solution for 20 min, the cell was perfused with the cytosolic substitution solution containing an ascending
concentration of free Ca?* buffered at 10 nM to 3 um. The cell was allowed to re-extend by washing with the Ca?*-free cytosolic
substitution solution for 20 min, and then perfused with the cytosolic substitution solution containing an ascending concentration
of free Ca?* in the presence of ACh (a). This procedure was repeated twice more (b, 2nd; ¢, 3rd). The ordinate scale in A
represents the changes in cell length as a percentage of the original cell length. (B) The data shown in (A) normalized by taking the
baseline and the maximal shortening as 0 and 100%, respectively, in each case.
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Figure 3 Effect of acetylcholine (ACh) on Ca?*-induced shortening
of a-toxin-permeabilized single smooth muscle cells and its blockade
by guanosine 5'-diphosphate (GDP). After washing the a-toxin-
permeabilized smooth muscle cell with the Ca?*-free cytosolic sub-
stitution solution for 20 min, the first shortening was evoked by
perfusion with the cytosolic substitution solution containing an
ascending concentration of free Ca?* buffered at 10 nm to 3 um (O).
The cells were allowed to re-extend by washing with the Ca®*-free
cytosolic substitution solution for 20 min, and a second shortening
was evoked as before but in the presence of 10 um ACh (@). After
washing for 20 min, the next shortening was evoked in the presence
of 10umM ACh plus 1 mM GDP (A). The values were plotted by
taking the baseline and the maximal shortening of each cell as 0 and
100%, respectively. Points and vertical bars represent means
+ s.e.means from five independent experiments. Statistical signi-
ficance was determined hy Student’s 7 test (paired): *P<<0.02;
**p<0.01.
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Figure 4 Effect of guanosine 5'-triphosphate (GTP) on Ca?*-induc-
ed shortening of a-toxin-permeabilized single smooth muscle cells.
After washing the a-toxin-permeabilized smooth muscle cell with the
Ca?*-free cytosolic substitution solution for 20 min, the first shorten-
ing was evoked by perfusion with the cytosolic substitution solution
containing an ascending concentration of free Ca?* buffered at
10 nM to 3 uM (O). The cells were allowed to re-extend by washing
with the Ca?*-free cytosolic substitution solution for 20 min, and the
next shortening was evoked by an ascending concentration of Ca?*
in the presence of 100 uM GTP (@®). GTP alone without Ca?* did
not influence cell length. The values were plotted by taking the
baseline and the maximal shortening of each cell as 0 and 100%,
respectively. Points and vertical bars represent means t s.e.means
from six independent experiments. Statistical significance was deter-
mined by Student’s ¢ test (paired): *P <<0.05; **P <0.001.
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activation of a GTP-binding protein(s), the effect of GTP
was investigated. As shown in Figure 4, 100um GTP
decreased the threshold concentration for Ca’* from 0.6 uM
to 0.2 uM.

Discussion

To date, there have been no reports of isolated single smooth
muscle cells being permeabilized with a-toxin. The present
study indicates for the first time that a-toxin is a useful tool
to permeabilize isolated smooth muscle cells and still retain
receptor and signal transduction systems. Detergents such as
saponin and Triton X-100 have been widely used for the
permeabilization of intact smooth muscle strips and isolated
smooth muscle cells (Endo et al., 1977; Gordon, 1978; Obara
& Yamada, 1984). A major disadvantage of these chemically
skinned muscles is a loss of receptor function (Itoh et al.,
1983; Somlyo et al., 1985). Furthermore, detergents destroy
the membranes of intracellular organelles (Ahnert-Hilger et
al., 1985; Knight & Scrutton, 1986) and interfere with pro-
teins involved in stimulus-contraction coupling.

a-Toxin is a cytolytic exotoxin secreted by Staphylococcus
aureus that selectively permeabilizes the plasma membranes
of eucaryotic cells to small molecules such as ions and
nucleotides (Fiissle et al., 1981; Ahnert-Hilger et al., 1985;
Hohman, 1988). The concentration of ions and small mole-
cules in the cell cytosol can therefore be controlled precisely
and specific molecules can be introduced directly.

Addition of 0.6 uM free Ca’* resulted in cell shortening
and the removal of Ca?* resulted in relaxation, directly
supporting the general idea that contractile activity is deter-
mined by increasing the level of intracellular free Ca®* (Bol-
ton, 1979). Our results reported here are in agreement with
the calcium sensitivity (half-maximal contraction in the range
from 0.3 to 1uM) reported by others using a-toxin-perme-
abilized smooth muscle tissues (Nishimura et al., 1988;
Kitazawa et al., 1989; 1991). However, one of the obvious
discrepancies is that the concentration-response relationship
to free Ca’* was very steep in the present study, showing an
all-or-none rather than a graded response (Mita & Uchida,
1991).

Augmentation of Ca’*-sensitivity in receptor-operated con-
traction has been documented in studies using intact smooth
muscles (Karaki et al., 1988) and intact a-toxin-permeabilized
smooth muscles (Nishimura et al., 1988; Kitazawa et al.,
1989), and this was shown to be mediated by GTP-binding
protein(s). In our present study, muscarinic receptor stimula-
tion by ACh decreased the concentration of Ca’* required
for the threshold response and consequently, converted it to
a graded rather than an all-or-none response. Furthermore,
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1 An excitatory response to S5-hydroxytryptamine (5-HT) was measured from the afferent vagus nerve
of anaesthetized rats. Measurements were determined by an extracellular recording from the whole
nerve.

2 Intravenous bolus injection of 5-HT (1.56-100 ugkg~') evoked a dose-dependent excitation of
afferent vagus nerve activity. This response was blocked not only by a selective S-HT; receptor
antagonist, GR38032F (10 and 100 ug kg~'), but also by a 5-HT, receptor antagonist, ketanserin (10
and 100 pg kg™").

3 Both a 5-HT; receptor agonist, 2-methyl-5-HT (3.12-100 pug kg~'), and a 5-HT, receptor agonist,
o-methyl-5-HT (3.12-50 pg kg~"), produced a dose-dependent excitation of afferent vagus nerve activity.
These excitatory effects were antagonized by GR38032F (10pugkg~') and ketanserin (10 pgkg™'),
respectively.

4 A 5-HT, like receptor agonist, S-carboxamidotryptamine (50 pg kg~'), and a putative 5-HT, receptor
agonist, 5-methoxytryptamine (100 pg kg~!), failed to produce excitatory effects on the afferent vagus
nerve.

5 These results suggest that the 5S-HT-induced excitatory response of the afferent vagus nerve might be
mediated not only via 5-HT; receptors but also via 5-HT, receptors in anaesthetized rats. It is unlikely,
however, that either 5-HT)-like or putative 5-HT, receptors are involved in the excitatory response of

the afferent vagus nerve to 5-HT.

Keywords: 5-Hydroxytryptamine; sensory neurone; vagus nerve activity; 5-HT receptors

Introduction

The excitatory action of 5-hydroxytryptamine (5-HT) is seen
in a variety of neurones in the mammalian peripheral ner-
vous system (Fozard, 1984). In particular, S-HT has a potent
depolarizing action on the vagal afferent nerve (Round &
Wallis, 1986; Ireland & Tyers, 1987). Most previous reports
have concerned in vitro experiments, i.e., isolated vagus
nerve, nodose ganglion or superior cervical ganglion without
nerve endings. The depolarization of these neurones and
ganglia by S-HT in vitro is blocked by 5-HT; receptor
antagonists but not by the cholinoceptor antagonists,
atropine, hexamethonium or the 5-HT, receptor antagonists,
methysergide or ketanserin (Neto, 1978; Higashi & Nishi,
1982; Ireland er al., 1982; Wallis et al., 1982; Bradly et al.,
1986; Round & Wallis, 1986; Ireland & Tyers, 1987). How-
ever, many peripheral sensory nerve endings are potently
excited by 5-HT and this elicits prominent reflex effects on
the cardiopulmonary system (Wallis, 1989). Kirby &
McQueen (1984) reported that intracarotid injection of 5-HT
in cats produces a triphasic chemoexcitation of the carotid
sinus nerve. Both the initial transient chemoexcitation and
the subsequent depression are virtually abolished by a 5-HT;
receptor antagonist, MDL 72222, On the other hand, the
delayed excitation is substantially reduced by a 5-HT, recep-
tor antagonist, ketanserin. These findings suggest that in vivo

! Author for correspondence.

responses cannot be extrapolated from in vitro responses
because 5-HT, receptors as well as 5-HT; receptors may be
involved in the excitatory response to 5-HT in vivo. To date,
there is no literature concerning the pharmacological charac-
teristics of the effects of S-HT on afferent vagus nerve activity
in vivo. In this study, therefore, direct extracellular recordings
of the afferent cervical vagus nerve of anaesthetized rats were
made in order to elucidate the pharmacological characteris-
tice of the receptors mediating this 5-HT-induced excitatory
effect in vivo.

Methods

General

Male Wistar rats (320—-400 g b.w. and 8—12 weeks old) were
used (Shizuoka Laboratory Animal Center, Hamamatsu,
Japan). Rats were anaesthetized i.p. with 500 mgkg~' of
urethane and 50 mg kg~' of a-chloralose. After immobiliza-
tion with gallamine triethiodide (10 mg kg™, i.v.), respiration
was maintained through a tracheal cannula connected to a
rodent respirator (Harvard apparatus, model 683). End tidal
0, and CO, concentrations were measured with an expired
gas monitor (Nippondenki San-ei, Tokyo, Japan, IH26).
Ventilation was adjusted to maintain an end tidal O, and
CO, at approximately 15% to 16% and 4.5% to 5.0%,
respectively. Drugs were administered i.v. through a catheter
inserted into the femoral vein. Rectal temperature was main-
tained between 37 and 38°C with a heating pad.
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Nerve recording

The right cervical vagus nerve was exposed and sectioned at
its junction with the superior laryngeal nerve under an
operating microscope. Afferent cervical vagus nerve activity
was recorded from the peripheral cut end of the nerve with
bipolar platinum-iridium wire electrodes. This portion of the
nerve was immersed in a pool of warm paraffin oil. The
nerve activity was amplified, passed through a filter (time
constant of 0.001s, and high cut filter of 1000 Hz) and
displayed with a thermal array recorder (Nihon Kohden,
WS-682G). The discharge rate of this nerve was counted
every 1 or 2s by a real-time data analyzer (Nihon Kohden,
Tokyo, Japan, ATAC-450).

Drugs and statistics

The following drugs were used: 5-hydroxytryptamine (5-HT)
creatinine sulphate (Sigma Chemical Co., St Louis, MO,
U.S.A.); 2-methyl-S-hydroxytryptamine maleate (2-methyl-5-
HT, Nippon Glaxo Ltd., Tokyo, Japan); a-methyl-5-
hydroxytryptamine maleate (x-methyl-5-HT, Sandoz Ltd.,
Basel, Switzerland); 5-carboxamidotryptamine maleate (5-CT,
Glaxo);  S-methoxytryptamine  hydrochloride  (Sigma);
GR38032F (1,2,3,9-tetrahydro-9-methyl-3[(2-methyl-1 H-imi-
dazol-l-yl) methyl]-4H-carbazol-4-one, hydrochloride, dihy-
drate, Glaxo); methoxamine hydrochloride (Nihon Shinyaku,
Tokyo, Japan). The agonists were dissolved in the Locke
solution; antagonists were dissolved in normal saline. The
composition of the Locke solution was (in mM): NaCl 157,
KCl 1.88, CaCl, 1.08, NaHCO; 7.98 and glucose 5.55

5-HT (6.25 ng kg™ ')

v
50 pV

SN ——

(counts/2 s) ] -~
0

(pH = 7.3). The volume injected was kept constant at 500 ul
kg='. Dose-response curves for 5-HT, 2-methyl-5-HT and
a-methyl-5-HT were constructed noncumulatively with a dose-
cycle greater than 10 min to avoid tachyphylaxis (Ginzel &
Kattegoda, 1954). The antagonists were administered intra-
venously 5 min before the injection of the agonists through-
out the study. Lateral displacements of agonist dose-response
curves were measured at the control half-maximum response
level (EDsy). Data were expressed as the mean * s.e.mean.
Analysis of variance followed by the Student’s ¢ test was used
for statistical comparison.

Results

Effects of GR38032F on the 5-hydroxytryptamine-
induced increase in cervical vagus nerve activity

Intravenous bolus injection of 5-HT (3.12-100 pg kg~") pro-
duced a dose-dependent increase in afferent cervical vagus
nerve activity (Figure 1). The EDs, was 28.0 £ 2.1 pg kg~!
(n=36). Vehicle (saline) did not affect the 5-HT dose-
response curve and the EDs, value was 28.9 + 4.8 ugkg™!
(n = 6, Figure 2a). The maximum response induced by 5-HT
was estimated to be 146.4 + 8.2% of the pre-injection level.
A selective 5-HT; receptor antagonist, GR38032F (10 and
100 pg kg='), caused a rightward shift in the 5-HT dose-
response curve. The EDsys were 50.4 + 7.8 (P<<0.05 vs saline,
n=11) and 63.5% 13.4pugkg~! (P<0.05 vs saline, n=6),
respectively (Figure 2a). However, GR38032F itself did not
alter the discharge of the nerves significantly.

5-HT (25 pg kg~ ")

v
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400
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200
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Figure 1 Effect of intravenous injection of 5-hydroxytryptamine (5-HT) on cervical vagus nerve activity in an anaesthetized rat.

Top two panels, control experiment; lower two panels, pretreatment with GR38032F 10 ug kg~', 5 min before the next injection
regime of 5-HT. A minimum of 10 min was allowed between the injection of each dose of 5-HT to avoid tachyphylaxis and allow
for blood pressure recovery. Traces are the actual records of cervical vagus nerve activity (CVNA), pulse counts per 2s, blood
pressure (BP, mmHg) and heart rate (HR, b.p.m.). All records are from the same animal.
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Figure 2 (a) Effect of GR38032F on the 5-hydroxytryptamine (5-
HT)-induced increase in cervical vagus nerve activity. Symbols
indicate control response (®); saline (O); GR38032F 10 ugkg™' (A)
and 100 ug kg~' (A). (b) Effect of ketanserin on the 5-HT-induced
increase in cervical vagus nerve activity. Symbols indicate control
response (@); saline (O); ketanserin 10 ugkg~' (A) and 100 pg kg~'
().

Effects of ketanserin on the 5-hydroxytryptamine-
induced increase in cervical vagus nerve activity

A 5-HT, receptor antagonist, ketanserin (10 and 100 pg
kg™"), caused a rightward shift in the 5-HT dose-response
curve. The EDsys were 88.2 * 26.4 ug kg~' (P<0.05 vs saline,
n==6) and 163.9 £ 32.6 ugkg~! (P<0.001 vs saline, n=4),
respectively (Figure 2b and 3). However, ketanserin itself did
not alter the discharge of the nerves significantly.

Effects of 5-hydroxytryptamine agonists on cervical
vagus nerve activity

A 5-HT; receptor agonist, 2-methyl-5-HT (3.12-100 pg
kg~"), also produced a dose-dependent but not marked in-
crease in cervical vagus nerve activity. The EDs, was
18.3 £ 24pugkg™! (n=>5, Figure 4a and 5a). Although the
maximum response induced by 2-methyl-5-HT reached only
107.4 £ 2.3% of the pre-injection level, GR38032F (10 pug
kg~!) caused a significant rightward shift in the 2-methyl-5-
HT dose-response curve. The EDs, was 50.7 £ 11.3 pg kg™!
(P<0.05, Figure 5a).

A 5-HT, receptor agonist, a-methyl-5-HT (3.12-50 pg
kg~!), produced a marked and dose-dependent increase in
cervical vagus nerve activity (Figure 4b). The EDs, was
13.6 £29pugkg™! (n=35, Figure 5b). The maximum res-
ponse to a-methyl-5-HT reached 162.8 * 5.4% as compared
with the pre-injection level. Ketanserin (10 pg kg~!) caused a
significant rightward shift in the a-methyl-5-HT dose-

response curve. The EDs, was 41.2 £ 9.0 pg kg~! (P<0.05 vs
saline, Figure Sb).

Both a 5-HT, receptor agonist, 5-carboxamidotryptamine
(50 ugkg='), and a putative 5-HT, receptor agonist, 5-
methoxytryptamine (100 pug kg™'), failed to increase cervical
vagus nerve activity (Figure 6a and b).

In addition to being a potent 5-HT, receptor antagonist,
ketanserin also has a;-adrenoceptor blocking effects (Fozard,
1982; McCall & Schuette, 1984). In order to exclude the
involvement of the «,-adrenoceptor mechanism, we have
examined the effect of the a,-agonist, methoxamine, on cer-
vical vagus nerve activity. Methoxamine (100 pg kg~") failed
to produce an increase in cervical vagus nerve activity in
spite of its effective pressor response (Figure 6c).

Discussion

In the present study, intravenous bolus injection of 5-HT
produced a dose-dependent increase in mass discharges of
cervical vagus nerve activity in anaesthetized rats. Treatment
with a potent and selective 5-HT; receptor antagonist,
GR38032F (Butler et al., 1988), and a 5-HT, receptor
antagonist, ketanserin (Van Nueten et al., 1981), caused a
significant rightward shift in the 5-HT dose-response curve.
A selective 5-HT; receptor agonist, 2-methyl-5-HT (Hoyer &
Neijt, 1988), and a selective 5-HT, receptor agonist,
a-methyl-S-HT (Richardson et al., 1985), also elicited dose-
dependent increases in cervical vagus nerve activity. GR-
38032F and ketanserin caused rightward displacement of the
2-methyl-5-HT and a-methyl-5-HT dose-response curves,
respectively. These results suggest that not only 5-HT; recep-
tors but also 5-HT, receptors might play an important role in
the excitatory effect of 5-HT on the afferent vagus nerve in
vivo. In terms of 5-HT; receptors, our results were in agree-
ment with previous in vitro reports (Round & Wallis, 1986;
Ireland & Tyers, 1987). Thus, the 5-HT-induced excitation of
the afferent vagus nerves in anaesthetized rats has been
shown to involve the 5-HT; receptor as well as the rat
isolated vagus nerve.

It is also of interest to note that 5-HT, receptors were
involved in the 5-HT-induced excitatory effect on cervical
vagus nerve activity. In the present study, «-methyl-5-HT was
found to produce activation closely resembling that induced
by 5-HT. Thus, a-methyl-5-HT was similar to 5-HT in terms
of the duration and pattern of evoked discharges of cervical
vagus nerve activity (Figures 1 and 4b). The maximum res-
ponse to a-methyl-5-HT reached 162.8 + 5.4% and to 5-HT
was 146.4 £ 8.2% as compared with their respective pre-
injection levels. In contrast, 2-methyl-5-HT had a weak
agonist action on cervical vagus nerve activity since the
maximum response to this agent was only 107.4 + 2.3% of
the pre-injection level (Figure 4a). Dissimilarity of the
agonisms produced by 2-methyl-5-HT and a«-methyl-5-HT
suggests that S-HT-induced activation of afferent cervical
vagus nerve activity might be mediated mainly by 5-HT,
receptors rather than the 5-HT; receptors in anaesthetized
rats. On the other hand, Butler et al. (1988) reported that
5-HT and 2-methyl-5-HT produced almost the same fall in
heart rate, which is the Bezold-Jarisch reflex. A possible
explanation for the difference in efficacy is that we measured
the activities of the peripheral cut end of the cervical nerve
without the nodose ganglion which is rich in 5-HT; receptors
(Hoyer et al., 1989), whereas Butler et al. used the intact
afferent vagus nerve system. In other words, not only the
vagus nerve trunk but also the nodose ganglion may be
responsible for the initiation of the reflex. This speculation
may be supported by a recent observation that 5-HT,
receptor-mediated apnoea was abolished by vagotomy above,
but not below, the nodose ganglia (Yoshioka er al., 1992).

The location of the responsible 5-HT, receptor is still
unknown; however, 5-HT, receptors generally exist in vas-
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Figure 3 Effect of ketanserin on the S5-hydroxytryptamine (5-HT)-induced increase in cervical vagus nerve activity in an
anaesthetized rat. Top two panels, control experiment; lower two panels, pretreatment with ketanserin 100 pug kg=', 5 min before
the next injection regime of 5-HT. A minimum of 10 min was allowed between the injection of each dose of 5-HT to avoid
tachyphylaxis and allow for blood pressure recovery. Traces are the actual records of cervical vagus nerve activity (CVNA), pulse
counts per 2s, blood pressure (BP, mmHg) and heart rate (HR, b.p.m.). All records are from the same animal.
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Figure 4 Effects of intravenous administration of 2-methyl-5-hydroxytryptamine (2-methyl-5-HT) (top 2 pan!:]§) and a-methyl-5-
HT (lower 2 panels) on cervical vagus nerve activity. Traces are the actual records of cervical vagus nerve activity (CVNA), pulse

counts per 2s, blood pressure (BP, mmHg) and heart rate (HR, b.p.m.).
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Figure 5 (a) Effect of GR38032F 10pugkg™' on the 2-methyl-5-
hydroxytryptamine (2-methyl-5-HT)-induced increase in cervical
vagus nerve activity. Symbols indicate control response (O) and
presence of GR38032F (@). (b) Effect of ketanserin 10 ugkg=' on
the a-methyl-5-HT-induced increase in cervical vagus nerve activity.
Symbols indicate control response (O) and ketanserin (®).

cular and nonvascular smooth muscles such as the rat caudal
artery, jugular vein, uterine and tracheal tissue etc. (Cohen et
al., 1985). The 5-HT, receptor is primarily responsible for
5-HT-induced contraction of smooth muscle. Anatomically,
the cervical afferent vagus nerve is, in part, a visceral afferent
sensory nerve (Hebel & Stromberg, 1986) and spontaneous
activity of this nerve might also originate from the sensory
nerve endings in the thoracic and abdominal viscera. How-
ever, after bilaterally cutting the vagus nerve below the
diaphragm, no significant alteration of ongoing cervical
vagus nerve activity was observed (data not shown). Further-
more, this surgical denervation did not significantly alter the
5-HT-induced excitation of cervical vagus nerve activity; the
dose-ratio for the agonist before and after the surgical dener-
vation was 1.17 £0.22 (n=4). Taking these facts into
account, the cardiopulmonary afferent nerve might play a
much more important role than the abdominal afferents in
terms of 5-HT-induced excitatory action of the cervical vagal
afferents in vivo. A definitive conclusion on the receptor
site(s) mediating the excitatory effect via 5-HT, receptors
requires further investigation.

Excitation of cervical vagus nerve activity by 5-HT was not
mimicked by 5-CT, a compound known to be a 5-HT,-like
receptor agonist (Saxena & Verdouw, 1985), or by 5-
methoxytryptamine, a putative 5-HT, receptor agonist
(Hoyer & Neijt, 1988), in the present study. In this context,
neither a 5-CT-sensitive 5-HT,-like receptor nor a putative
5-HT, receptor is likely to be involved in 5-HT-induced
excitation of cervical vagus nerve activity in vivo.
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Figure 6 Effects of intravenous administration of (a) 5-

carboxamidotryptamine (5-CT), (b) 5-methoxytryptamine (5-MeOT)
and (c) methoxamine on cervical vagus nerve activity. Traces are the
actual records of cervical vagus nerve activity (CVNA), pulse counts
per 1 or 2s, blood pressure (BP, mmHg) and heart rate (HR,
b.p.m.). Each record is from a different animal.

Ketanserin inhibited both 5-HT- and «-methyl-5-HT-
induced excitatory effects on cervical vagus nerve activity,
however, it also has an a,-adrenoceptor blocking property
(Fozard, 1982; McCall & Schuette, 1984). In order to exclude
the possibility of involvement of the o -adrenoceptor-
mediated mechanism, we have examined the effect of ;-
agonist, methoxamine, on cervical vagus nerve activity. A
high dose of methoxamine failed to produce an increase in
nerve activity in spite of its effective pressor response via the
o,-adrenoceptor. This result may exclude the possibility that
the «,-blocking property of ketanserin inhibited the 5-HT
induced excitatory effect on cervical vagus nerve activity.

It has been previously mentioned that 5-HT and a-methyl-
5-HT have almost the same efficacy but 2-methyl-5-HT has
less efficacy than 5-HT or a-methyl-5-HT, according to the
percentage changes of pre-injection values. Although this was
an in vivo experiment in which the EDs, values of agonists
were calculated from the dose-response curve, it is interesting
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to note that the nature of the antagonism produced by
GR38032F against 5-HT and 2-methyl-5-HT was different.
With GR38032F (10 ugkg™!), the dose-ratio (the means of
the quotients: EDs, in the absence of antagonist/EDs, in the
presence of antagonist) against 5-HT was 1.9+ 0.3 (n=11)
and that against 2-methyl-5-HT was 2.7%£0.5 (n=75).
Similarly, with ketanserin (10 pug kg~'), the ratio against 5-
HT was 3.1 £ 0.8 (# =6) and that against a-methyl-5-HT was
3.6 £ 0.5 (n = 5). A possible explanation for the differences in
the dose-ratios between 5-HT and the agonists is that 5-HT
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Evidence for a 5-HT)-like receptor mediating the amplifying
action of 5-HT in the rabbit ear artery

I.S. de la Lande

Department of Clinical and Experimental Pharmacology, University of Adelaide, G.P.O., Box 498, Adelaide, South Australia 5001

1 The nature of the 5-hydroxytryptamine (5-HT) receptors which amplify the vasoconstrictor effect of
methoxamine was examined in the rabbit isolated perfused ear artery with intact endothelium. Indices of
amplification were leftward shifts of methoxamine dose-response (DR) curves produced by 5-HT
(0.3 uM) (Method I), and the appearance of vasoconstrictor responses to S-HT receptor agonists when
methoxamine was present in a near-threshold concentration (Method II).

2 The amplifying effect of 5-HT (Method I) was unaffected by prazosin (0.08 uM), was partly depressed
by 5-HT,-receptor antagonists in high concentrations (ketanserin 0.5 uM, LY53857, 1.0 uM), and was
abolished by a non-selective antagonist of 5-HT, and 5-HT, receptors (methiothepin, 0.01 um).

3 Amplifying potencies of agonists assessed by both Methods I and II were in the order 5-carbox-
amidotryptamine (5-CT)> 5-HT > a-methyl 5-HT. The potency of sumatriptan (assessed by Method II
only) was intermediate between those of 5-HT and a-methyl 5-HT.

4 Ketanserin and LY 53857 inhibited the amplifying action of 5-CT to about the same extent as that of
5-HT.

_5 The amplifying potencies of the agonists are in marked contrast to the reported contractile potencies
in the rabbit aorta where the receptor is 5-HT,, but are almost identical with reported contractile
potencies in the dog saphenous vein where the receptor is 5-HT,-like.

6 It is concluded that a 5-HT,-like receptor mediates the amplifying interaction between 5-HT and
methoxamine in the rabbit ear artery which can be weakly blocked by ketanserin and LY53857.

7 Since 5_-CT was equipotent when applied separately to the intimal and adventitial surfaces of the
artery, it is suggested that the 5-HT,-like receptors are distributed uniformly across the artery wall.
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Introduction

In concentrations that are sub-threshold for contraction, 5-
hydroxytryptamine (5-HT) exerts an excitatory effect in
arteries in vitro which is manifested either by an increased
response to a second contractile agent or by the appearance
of a contractile response to 5-HT in the presence of the
second agent. This synergistic interaction, which is commonly
termed the amplifying action of 5-HT, is prominent in the
rabbit ear artery where it was first documented (de la Lande
et al., 1966). The nature of the receptor mediating this ampli-
fying action of 5-HT in the rabbit ear artery has been
explored in the present study.

Previous attempts to identify the receptor have focussed on
the possibility that amplification is simply a sub-threshold
manifestation of excitability changes associated with the con-
tractile response to 5-HT. The latter response, in the absence
of other treatment, appears to be mediated only by the
a-adrenoceptor (Apperley et al., 1976); sensitivity to prazosin
(Purdy er al., 1981) implies that the receptor is of the a;-
subtype. However a 5-HT,-receptor appears to play a contri-
butory role in artery strips from reserpinized rabbits (de la
Lande & Kennedy, 1985) and in artery rings exposed to
ouabain (Xu et al., 1990). So far, attempts to establish the
role of these receptors in amplification have yielded results
which are not easy to interpret. In reserpinized-strip prepara-
tions, both prazosin and ketanserin depressed amplification
in the interaction between 5-HT and noradrenaline (NA) (see
de la Lande, 1989), but had much less effect on the inter-
action between S-HT and methoxamine (de la Lande &
Kennedy, 1985). Nevertheless, Meehan et al. (1986), using

the perfused segment preparation from untreated rabbits,
noted that the 5-HT interaction with NA was unaffected by
prazosin but was depressed by ketanserin in a concentration
(0.03 uM) that was considered to be indicative of a role for
the 5-HT, receptor.

The present study was confined to experiments on perfused
segments from untreated rabbits, with methoxamine as the
reference contractile agent. In order to characterize the
amplifying receptor, two approaches were adopted. In one,
the effects on the 5-HT-methoxamine interaction of ;-
adrenoceptor blockade by prazosin, of 5-HT, receptor block-
ade by ketanserin and LY53857 (for references see Myle-
charane, 1990), and of non-selective 5-HT, and 5-HT, recep-
tor blockade by methiotepin, were examined. In the other,
the amplifying actions of 5-HT were compared with those of
a 5-HT, selective agonist (a¢-methyl 5-HT) and two agonists
with selectivity for receptors within the 5-HT, group, namely,
5-carboxamidotryptamine (5-CT) and sumatriptan. The
agonists were selected in view of evidence that they are of
value in distinguishing between effects mediated by 5-HT;-
like and 5-HT, receptors (e.g. Feniuk & Humphrey, 1989;
Summer et al., 1989).

A preliminary account of the present findings was present-
ed to the Australasian Society for Clinical and Experimental
Pharmacologists (de la Lande, 1990).

Methods

Preparation

Semi-lop eared rabbits, bred at the Central Animal House,
University of Adelaide from the Belgian Lop-Eared strain,



were used in all experiments. Ear artery segments (1-2cm
long) were removed from rabbits which had been killed
under pentobarbitone anaesthesia. The segments were per-
fused by the method of de la Lande et al. (1966). The
segment was cannulated at both ends, placed in an organ
bath containing Krebs solution (vol. 15ml), and perfused
intraluminally with Krebs solution (3.0 ml min~!). After pas-
sing through the lumen, the perfusate escaped without mixing
with the solution in the organ bath (termed ‘extraluminal’).
Intraluminal perfusion pressure was measured by a Statham
Pressure Transducer; vasoconstriction was manifested by an
increase in perfusion pressure. The perfusion pressure in the
absence of vasoactive agents was usually between 5 and
10 mmHg and did not vary within an experiment. Note:
Higher base-line pressures (10-20 mmHg) in the earlier
experiments of de la Lande er al. (1966) reflected higher flow
rates (6—8 ml min™').

Effects of 5-hydroxytryptamine on responses to
methoxamine

Vasoconstrictor responses to methoxamine (administered as
an intraluminal bolus in 0.1 ml) were measured in the
absence and presence of 5-HT (0.03 uM). The 5-HT was
present in both the intraluminal and extraluminal solutions.
Responses to methoxamine were elicited in duplicate at three
dose levels (most commonly 0.03, 0.10, and 0.30 pmol). The
5-HT was added 5-10 min before starting a second dose-
response (DR) curve. Its amplifying effect was quantitated in
terms of the ratio (termed sensitivity ratio) of doses of
methoxamine which were equipotent in eliciting a response of
60 mmHg in the absence (numerator) and presence (denom-
inator) of S-HT.

In experiments where 5S-HT was applied for a second time
to the artery, a period of approximately 60 min after the
preceding wash-out of 5-HT was allowed to enable sensitivity
to methoxamine to return to its pre-5-HT level. Although
recovery from the amplifying effect of S-HT was extremely
rapid (less than 5 min), it was followed by a period of
depressed sensitivity to methoxamine which lasted about
30 min.

In all experiments, two or more arteries from the same
animal were used. When effects of antagonists were studied,
one of the arteries served as the control, the other (test
artery) being exposed to the antagonist 60 min prior to com-
mencing the first DR curve to methoxamine. The same time
interval was allowed in the control artery. 5-HT sensitivity
ratios were compared in the control and test arteries. Anta-
gonists tested comprised prazosin, ketanserin, LY53857 and
methiothepin.

The only departure from the above procedure was that in
some experiments 5-HT was replaced by 5-CT (0.03 pM).

Interactions between 5-hydroxytryptamine receptor
agonists and methoxamine

The agonists comprised 5-HT, a-methyl 5-HT, 5-CT and
sumatriptan. With the exception of sumatriptan their effects
were measured in two ways. In one, the agonist was present
in the infusion and bathing media and its effects on the
vasoconstrictor responses to intraluminally-injected methox-
amine were measured. The concentration of the agonist was
progressively increased in multiples of ten between 0.001 and
1.0 uM. The sensitivity ratio was measured at each concentra-
tion.

The second method used the constrictor response to the
5-HT-receptor agonist in the presence of methoxamine, as
the index of amplification. Methoxamine was added to the
extraluminal solution in a concentration (usually 0.3 pM)
which resulted in a steady-state constrictor response between
15 and 40 mmHg. The agonist was then added cumulatively
to the same solution in concentrations which, in the absence
of methoxamine, did not constrict the artery. The concentra-

5-HT,-LIKE RECEPTORS IN THE RABBIT EAR ARTERY 551

tion of agonist which elicited a constrictor response of
60 mmHg in the presence of methoxamine was estimated
from the agonist concentration-response (CR) curve. When
the second method was used, cocaine (3 uM) was present in
both the intraluminal and extraluminal solutions to minimize
any loss of the 5-HT agonists resulting from uptake into the
sympathetic nerves.

Comparison of intraluminal and extraluminal amplifying
potencies of 5-carboxamidotryptamine

Methoxamine was added to the extraluminal solution in a
concentration that elicited a steady-state constrictor response
of between 15 and 40 mmHg. Constrictor responses to 5-CT
applied extraluminally were then compared with those to
5-CT perfused intraluminally. Concentrations which were
equipotent in eliciting a response of 60 mmHg were estimated
from the 5-CT CR curves. Cocaine (3 uM) was present in
both the intraluminal and extraluminal solutions.

Endothelial function

Towards the end of each experiment, the vasodilator res-
ponse to intraluminally-infused acetylcholine (ACh, 0.5 um)
was measured after the perfusion pressure had been elevated
to between 100 and 200 mmHg by extraluminal methox-
amine.

Maximum constriction

Before terminating an experiment, an indication of the max-
imum response to methoxamine was obtained. Depending on
the nature of the experiment, methoxamine was either inject-
ed intraluminally in a large dose (3 or 10 umol) or was
applied extra-luminally in a high concentration (30 uM). The
resultant response was usually in the 300 to 400 mmHg range
but was often difficult to quantify due to a tendency for the
perfusion pressure to fluctuate erratically as it reached this
range. In view of this tendency, which was noted earlier (de
la Lande, 1975), the response in mmHg rather than the
response as a percentage of maximum was used in plotting
dose-response relationships.

Statistics

Effects of drugs on constrictor responses and on sensitivity
ratios, the latter converted to log units, were assessed for
significance by the paired ¢ test. Significance refers to
P<0.05; except where otherwise stated n refers to the
number of rabbits.

Drugs

The following compounds were purchased: cocaine hydro-
chloride (MacFarlane-Smith); 5-hydroxytryptamine crea-
tinine sulphate (Sigma), methoxamine hydrochloride (Sigma);
a-methyl 5-hydroxytryptamine maleate (Research Biochemi-
cals); physostigmine salicylate (Sigma), prazosin hydro-
chloride (Sigma).

The following were gifts: methiothepin maleate (Roche);
ketanserin hydrochloride (Janssen Pharmaceuticals); S-carb-
oxamidotryptamine maleate, sumatriptan (Glaxo); LY 53857
(Lilly Research Laboratories).

LY53857 is 4-isopropyl-7-methyl-9-(2-hydroxy-1-methyl-
propoxy-carbonyl) -4, 6, 6A, 7, 8, 9, 10, 10A-octahydro-
indolol [4.3-FG] quinoline.

Results

Effects of antagonists on the amplifying action of
S-hydroxytryptamine

5-HT (0.03 uM) did not affect the perfusion pressure but
caused an approximately four fold leftward shift of the
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methoxamine DR curve (Figure 1a). The action of 5-HT was
unchanged when sensitivity to methoxamine was depressed
by prazosin (0.08 uM); the depression was manifested as a
twenty fold rightward shift of the methoxamine DR curve
(Figure 1a).

Ketanserin (0.05uM and 0.5 uM) also shifted the methox-
amine DR curve to the right by factors of 3 and 21 respec-
tively. However, unlike prazosin, it also decreased the
amplifying action of 5-HT (Table 1). Although not significant
at the lower concentration of ketanserin, the effect of ampli-
fication was unequivocal at the higher concentration and is
illustrated in Figure 1b.

LY53857 decreased the amplifying action of 5-HT but did
not decrease the sensitivity of methoxamine. In the two
concentrations tested, namely 0.1 and 1.0 uM, the inhibitory
effects of LY53857 on amplification were comparable with
those of ketanserin 0.05 and 0.5 uM respectively (Table 1,
Figure 1b).

Methiothepin (0.01 uM) caused an approximately forty fold
rightward shift of the methoxamine DR curve and abolished
the action of 5-HT (Table 1).

Amplifying actions of 5-hydroxytryptamine receptor
agonists

The agonists were 5-HT, 5-CT (5-HT, selective) and a-methyl
5-HT (5-HT, selective). Each increased the vasoconstrictor
activity of methoxamine. Leftward shifts of methoxamine
DR curves, measured at three subconstrictor concentrations
of each agonist, indicated that 5-HT was less potent than
5-CT, but considerably more potent than a-methyl 5-HT
(Figure 2). From the concentration-amplifying effect curves,
it was estimated that concentrations eliciting a leftward shft
of 0.5 log units (in nM with 95% confidence limits, n=4)
were 5-CT (3.4, 1.3-8.7), 5-HT (15, 3.5-64) and a-methyl
5-HT (300, 87-1040).

Since the above experiments revealed that 5-CT was a
highly potent amplifying agent, the effects of ketanserin
(0.5 uM) and of LY53857 (1.0 uM) on the 5-CT-methoxamine
interaction were examined. As shown in Table 1, both agents
inhibited the amplifying action of 5-CT to about the same
extent as that of 5-HT.

Effect of methoxamine on vasoconstrictor activities of
S-hydroxytryptamine receptor agonists

In these experiments the vasoconstrictor response to the 5-
HT receptor agonist in the presence of methoxamine (both
applied extraluminally), was used as the index of amplific-
ation. The agonists included sumatriptan.

In the absence of methoxamine, none of the four agonists
displayed vasoconstrictor activity when tested in concentra-
tions ranging up to 0.4 uM (for 5-HT and 5-CT) and 1.4 uMm
(for a-methyl 5-HT and sumatriptan). However, when applied
in much lower concentrations during a steady-state constric-
tion of between 10 and 50 mmHg induced by methoxamine,
the agonists displayed marked constrictor activity (Figure 3).
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Figure 1 Effects of antagonists on the amplifying action of 5-
hydroxytryptamine (5-HT). Shown are effects of prazosin (a),
LY53857 and ketanserin (b) on dose-response (DR) curves to
methoxamine in the absence and presence of S-HT (0.03 um): (O)
Control (n=17); (O) prazosin (0.08 um, n=15); (©) LY53857
(1.0 pM, n = 6); (A) ketanserin (0.5 pM, n = 6). DR curves elicited in
the presence of 5-HT are indicated by the closed symbols. Values
shown are means with s.e.mean (vertical bars) from n experiments.

Table 1 Effects of 5-hydroxytryptamine (5-HT) receptor antagonists on amplifying actions of 5-HT and S-carboxytryptamine (5-CT)

on responses to methoxamine

5-HT-receptor

Antagonist (uM) agonist

Ketanserin 5-HT' (0.03 um)
(0.05)

Ketanserin 5-HT (0.03 um)
(0.5)

LY53857 5-HT (0.03 pM)
(0.1)

LY53857 5-HT (0.03 pm)
(1.0)

Methiothepin 5-HT (0.03 uMm)
(0.01)

Ketanserin 5-CT (0.03 um)
(0.5)

LY53857 5-CT (0.03 uMm)
(1.0)

* P<0.05.20.1>P>0.05.

Sensitivity ratio geometric mean
(with 95% confidence limits)

Antagonist
Control present
4.6 (3.8-55) 2.8 (2.0-3.9¢
3.6 3.0-4.3) 1.8 (1.3-2.4)*
4.6 (3.7-5.6) 2.8 (1.7-4.6)
3.7 29-4.8) 1.3 (09-1.9)*
4.5 (2.3-8.7) 1.1 (0.7-1.7)*
4.8 (3.5-6.6) 2.3 (1.2-3.4)*
52 (3.2-87) 1.8 (1.1-3.0)*
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Figure 2 Amplifying potencies of S-hydroxytryptamine (5-HT), 5-
carboxamidotryptamine (5-CT) and a-methyl 5-HT: (@) 5-CT; (O)
5-HT; (A) o-methyl 5-HT. The graphs show leftward shifts of
methoxamine dose-response curves (expressed as log sensitivity
ratios) at three concentrations of each agonist (n = 4). Values shown
are means with s.e.mean indicated by vertical bars.
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Figure 3 Effect of methoxamine on the contractile activities of
5-hydroxytryptamine (5-HT) receptor agonists: (a) 5-carboxamido-
tryptamine (5-CT); (b) sumatriptan; (c¢) 5-HT; (d) a-methyl 5-HT.
The agonist concentration was cumulated by factors of 3.2-4.0
between the lowest and highest concentrations (shown in pm). The
lower (horizontal) trace is the perfusion pressure in the absence of
methoxamine and shows that the agonists were without constrictor
effect, except for 5-HT at the highest concentration. The superim-
posed trace shows that, in the same arteries, the agonists became
potent constrictor agents when methoxamine was present in a con-
centration which elevated the perfusion pressure by 15-30 mmHg.
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Responses below 100-150 mmHg increase in pressure were
well sustained, but above this range they displayed a pro-
nounced tendency to fade. Comparison of concentration-
constrictor response curves (Figure 4) indicated an order of
amplifying potency: 5-CT > 5-HT > sumatriptan > a-methyl
5-HT. Concentrations which elicited a response of 60 mmHg
(in nM, with 95% confidence limits in parentheses, n = 4-6)
were: 5-CT (2.3, 0.8-6.6), 5-HT (6.2, 3.5-11), sumatriptan
(76, 35-257), and a-methyl 5-HT (186, 62—562). Ratios of
concentrations (with 95% confidence limits in parentheses)
which were equipotent with 5-HT were: 5-CT, 0.4 (0.3-0.7,
n = 6), sumatriptan, 11 (5-25, n=5) and a-methyl 5-HT, 28
(13-58, n=4).)

In the preceding experiments, the 5-HT receptor agonists
were present only in the extraluminal solution. However
experiments in which the effects of intraluminal and extra-
luminal 5-CT were compared, failed to reveal any difference
in amplifying potencies. Thus concentrations of intraluminal
and of extraluminal 5-CT which elicited a response of
60 mmHg in six arteries (in nM, with 95% confidence limits)
were 1.6 (0.52-4.8) and 2.2 (0.74-6.8) respectively.

Vasodilator effect of acetylcholine

To assess the functional state of the endothelium, the vaso-
dilator response to ACh (0.5 uM, applied intraluminally) was
measured before terminating each experiment; the artery was
constricted to between 100 and 200 mmHg by methoxamine.
The ACh caused a decrease in perfusion pressure of
50 mmHg or greater in most (82 of 97) artery segments. In
six pairs of arteries, responses to extraluminally-applied ACh
(0.5 uM) were compared with those to intraluminal ACh
(0.5 uMm); physostigmine (3.0 uM) was present to minimize
hydrolysis of the ACh. The response to the extraluminal
ACh (a decrease in pressure of 48 £ 5%) was considerably
less than to the intraluminal ACh (a decrease of 93 * 4%).

Discussion

Effects of the 5-HT receptor agonists are discussed first since
they provide a clearer insight into the nature of the receptors
mediating amplification than do the effects of the agonists.

When assessed in terms of increases in the contractile
activity of methoxamine, the amplifying potency of 5-HT was
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Figure 4 Concentration-response (CR) curves to S-hydroxytrypt-
amine (5-HT) receptor agonists in the presence of methoxamine. The
increased steady-state levels of perfusion pressure due to methox-
amine (0.2-0.4 pm) at the time the agonists were added were (in
mmHg): 5-HT (27%3, n=6), S5S-carboxamidotryptamine (5-CT,
31 %5, n=6), sumatriptan (28 £ 5, n = 5), a-methyl 5-HT (20 £ 7,
n=4). Symbols: (®) 5-CT; (O) 5-HT, (A) sumatriptan; (A) a-
methyl 5-HT. Values shown are means with s.e.mean (vertical bars)
from »n experiments.
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greater than that of a-methyl 5-HT but less than that of
5-CT. A similar rank order of potencies prevailed when the
constrictor response to the 5-HT agonist in the presence of
methoxamine was used as the index of amplification. The
latter method indicated also an amplifying potency of suma-
triptan between that of a-methyl 5-HT and 5-CT. As indic-
ated in Table 2, the relative potencies agree closely with those
for contractile activity in the dog saphenous vein, and are not
too dissimilar from those for endothelium-dependent relaxa-
tion in the pig coronary artery; in both these vessels the
effects of 5-HT are believed to ‘be mediated by 5-HT,-like
receptors (Feniuk & Humphrey, 1989; Schoeffter & Hoyer,
1990). On the other hand, the relative amplifying potencies
contrast markedly with those for 5-HT, receptor-mediated
contraction in the rabbit aorta, where the rank order
is 5-HT>a-methyl S5-HT > 5-CT > sumatriptan (inactive)
(Feniuk et al., 1985; Humphrey et al., 1988).

In view of evidence that the 5-HT,-like receptor in the pig
coronary artery is very similar to the 5-HT,p receptor (Shoe-
ffter & Hoyer, 1990) it is noteworthy that the absolute ampli-
fying potencies when assessed in terms of the concentrations
eliciting a response of 60 mmHg in the methoxamine-exposed
artery, are in the same rank order as ICss for binding to
5-HT,p recognition sites in brain. The respective values
(amplifying potency followed by binding affinity, in nM) on
which the comparison of rank order is based are: 5-CT (2.3,
2.5), 5-HT (6.2, 4.0), sumatriptan (76, 17-68) and a-methyl
5-HT (186, 158). The data on binding are from the studies of
Engel et al. (1986), Hoyer (1989), Shoeffter & Hoyer (1990),
Peroutka & McCarthy (1989) and Van Wijngaarden et al.
(1990).

It follows from the above considerations that there are
reasonable grounds for placing the amplifying receptor in the
rabbit ear artery in the 5-HT,-like category.

Effects of antagonists

Criteria for the presence of a 5-HT,-like receptor include
insensitivity to 5-HT, selective antagonists (e.g. ketanserin)
and sensitivity to antagonists which do not discriminate
beween 5-HT, and 5-HT, receptors e.g. methysergide, meth-
iothepin (Bradley et al., 1986).

At first sight, the ability of the 5-HT, receptor antagonists,
LY53857 and ketanserin, to inhibit amplification implies a
departure from the above criteria. However, the following
factors must be taken into account. Firstly, the effect of
ketanserin was not impressive in the sense that 50 nM
appeared to be close to the inhibitory threshold, yet this
concentration is considerably greater than the pA, for the
5-HT, receptor, namely 0.4—8 nM (Mylecharane, 1990). Simi-
larly, the inhibitory threshold for LY53857, which was in the
vicinity of 100 nM, also seems high when compared with its
pA, for the 5-HT, receptor namely 0.4-40nM (Fenuik &
Humphrey, 1989; Mylecharane, 1990). Secondly, the finding
that both ketanserin (0.5 uM) and LY53857 (1.0 uM) inhib-
ited the amplifying action of 5-CT to about the same extent
as that of 5-HT suggests that these antagonists possess

sufficient affinity for the 5-HT),-like receptor to account for
their effects on the action of 5-HT.

Methysergide was not used in the present study, since it is
known to behave like an agonist of the amplifying receptor
in the rabbit ear artery (de la Lande et al., 1966, Fozard,
1976). However methiothepin proved to be a potent inhibitor
of the amplifying action of 5-HT, abolishing the action in a
concentration of 0.01 uM. The effects of these antagonists
again emphasise the similarity between the actions of 5-HT in
the rabbit ear artery and dog saphenous vein, since in the
latter vessel methysergide also is a partial agonist and
methiothepin a potent antagonist of the 5-HT,-like receptor
mediating the contractile response (Fenuik et al., 1985;
Fenuik & Humphrey, 1989).

Distribution of the amplifying receptor

In view of evidence that a 5-HT,-like receptor is associated
with the endothelium in pig coronary artery (see Table 2), an
indication of the distribution of the amplifying receptor in
the wall of the rabbit ear artery was sought by comparing the
potencies of intraluminal and extraluminal 5-CT. The finding
that the potencies did not differ is interpreted as evidence
that the receptors are fairly evenly distributed between the
inner and outer regions of the artery wall, and hence are
probably associated with the smooth muscle cells. That this
interpretation is valid is supported by the finding that the
vasodilator effect of intraluminal ACh is considerably greater
than that of extraluminal ACh. This finding accords with the
substantial evidence that the cholinoceptors mediating vaso-
dilatation are located on endothelial cells (Furchgott &
Zawadski, 1980).

Relationship between amplifying and contractile actions
of 5-hydroxytryptamine

In accord with evidence that the amplifying effect of 5-HT is
manifested in concentrations below those eliciting constric-
tion (de la Lande et al., 1966), there was no indication of
constrictor activity on the part of any of the 5-HT receptor
agonists in concentrations of up to 100 fold greater than
those eliciting detectable amplification. Earlier studies on the
perfused artery from the untreated rabbit are in agreement
that the constrictor activity is due to a-adrenoceptor activa-
tion (Apperley et al., 1976, Fozard, 1976; see also Introduc-
tion). 5-HT, receptor-mediated contraction has also been
demonstrated although only under certain conditions e.g. in
reserpine-treated artery strips (de la Lande & Kennedy, 1985)
and in oubain-exposed artery rings (Xu et al., 1990). Never-
theless, the present results argue against a role for either of
these receptors in the amplifying interaction between 5-HT
and methoxamine. It is suggested therefore that the 5-HT,-
like receptor functions primarily as an amplifying receptor.
Whether it simply facilitates constrictor activity of other
agonists, or whether it requires the presence of a second
excitatory agonist for expression of its own constrictor func-
tion, are complex questions which remain to be addressed.

Table 2 Relative potenciest of S-hydroxytryptamine (5-HT) receptor agonists

Receptor Tissue Response 5-CT

? Rabbit ear amplifn. 2.5
art

5-HT,-like Dog saph. contrn. 3.3
vein

5-HT,-like  Pig cor. art. relaxn* 1.0

5-HT, Rabbit aorta  contrn. 0.04

Agonist
5-HT Sumatr a-Me 5-HT
1.0 0.09 0.04
1.0 0.20 0.08
1.0 0.03 0.06
1.0 nil 0.5

+Concentration of 5-HT divided by equipotent concentrations of the agonist. *Endothelium-dependent. Data on dog saphenous vein
from Humphrey et al. (1988), on pig coronary artery from Schoeffter & Hoyer (1989) and on rabbit aorta from Feniuk et al. (1985).



In conclusion, it is emphasised that the present evidence
refers only to the interaction between 5-HT and methox-
amine. It remains to be established whether amplifying inter-
actions between 5-HT and other agonists such as NA and
histamine also involve the 5-HT,-like receptor. That these
interactions may be more complex than the one between
5-HT and methoxamine is suggested by findings that ampli-
fication in the S5-HT interaction with NA is inhibited by
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The effect of epithelium removal on leukotriene E4-induced
histamine hyperresponsiveness in guinea-pig tracheal smooth

muscle

Crawford A.J. Jacques, Bernd W. Spur, *Malcolm Johnson & 'Tak H. Lee

Department of Allergy and Allied Respiratory Disorders, Guy’s Hospital, London SE1 9RT and *Dept. of Peripheral
Pharmacology, Glaxo Group Research, Ware, Herts

1 Removal of the epithelium resulted in a threefold increase in guinea-pig tracheal sensitivity to
histamine without increasing the maximal response.

2 Preincubation of epithelially-denuded guinea-pig tracheal smooth muscle with leukotriene E, (LTE,)
in vitro increased the subsequent maximal response of the tissues to histamine. The sensitivity of the
tissues to histamine was unaffected by LTE, pretreatment.

3 Pretreatment of the epithelially-denuded tissues with the LTE,-analogue, 20-COOH LTE,, did not
affect the maximal response to histamine.

4 LTE, pretreatment increased the maximal response of the epithelially-denuded tissues to substance P
(SP) but did not affect the maximal response to carbachol, KCl nor to the B-adrenoceptor agonist,
isoprenaline.

§ LTEinduced airway histamine hyperresponsiveness was blocked by indomethacin (5 um), GR32191
(3 uM) and atropine (1 puM).

6 Both LTE, and U46619 pretreatment increased the contractile response of tracheal smooth muscle to
electrical field stimulation.

7 It is proposed that LTE, induces an increased maximal response of epithelially-denuded guinea-pig
airway smooth muscle to both histamine and substance P via a facilitation of cholinergic neurotransmis-
sion, which is dependent upon the secondary generaton of prostanoid mediator(s) acting on TP-
receptors situated on cholinergic nerve terminals. Further, it is suggested that the increased maximal
response of the epithelially-intact tissues to both histamine and substance P, after LTE, pretreatment,
may be suppressed by an epithelially-derived factor.

Keywords: Leukotriene; asthma; histamine; substance P; hyperresponsiveness; epithelium; nerves; acetylcholine;
neurotransmission; prostaglandin; EpDRF
Introduction

The sulphidopeptide leukotrienes, LTC,, LTD, and LTE,,
comprise the activity previously recognised as slow-reacting
substance of anaphylaxis. LTC,, LTD, and LTE, are potent
bronchoconstrictors of respiratory smooth muscle (Dahlen et
al., 1980), and may play a role in the pathophysiology of
bronchial asthma.

In vitro studies have demonstrated that LTE, induces a
specific hyperresponsiveness of guinea-pig epithelially-intact
tracheal strips to histamine (Lee et al., 1984; Jacques et al.,
1991). Responsiveness of parenchymal strips to histamine
was unaffected by LTE, (Lee et al.,1984). The enchancement
of histamine responsiveness was dependent upon both the
concentration of LTE, and the time of preincubation with
the smooth muscle. It was inhibited by the cyclo-oxygenase
inhibitor, indomethacin, suggesting the secondary generation
of prostanoids. The finding that the selective thromboxane
A, antagonist, GR32191, also blocked LTE,-induced hista-
mine hyperresponsiveness suggested that the TP-receptor was
involved (Jacques et al., 1991). Finally, the production of
histamine hyperresponsiveness by LTE, was critically depen-
dent upon the structural integrity of the carboxyl group at
C-1 and the nature of the peptide side-chain (Lee et al.,
1987).

Removal of the epithelium enhances the sensitivity but not
the maximal response of respiratory smooth muscle to a wide
variety of agonists, including acetylcholine and histamine, in

! Author for correspondence.

the dog (Flavahan et al., 1985), guinea-pig (Holroyde, 1986)
and man (Aizawa et al., 1988). This increase in sensitivity
may be due to the loss of a functional barrier (Laitinen et al.,
1985) or to the loss of an epithelium-derived relaxant factor
(Hay et al., 1988). Many groups have demonstrated that
epithelium removal can be mimicked by the addition of
indomethacin (Aizawa et al., 1988; Hay et al., 1987).

We have now extended our previous work (Jacques et al.,
1991) on the effect of LTE, on epithelially-intact tracheal
strips, by studying the capacity of LTE, to enhance the
smooth muscle response in guinea-pig airways that have been
denuded of epithelium.

Methods

Guinea-pig tracheal strips

Strips that were three cartilage rings thick, were prepared
from Dunkin-Hartley male guinea-pigs (Charles River, UK.
300-350 g) for in vitro recording of isometric contraction
using Grass FTO3D transducers. In all experiments the
epithelium of the strips was removed with cotton wool. Histo-
logical sections of tissues treated in this way demonstrated no
apparent damage to the underlying smooth muscle layer. The
strips were suspended in 5ml organ baths containing
modified Krebs solution (composition, mM: NaCl 118,
KH,PO, 1.2, KC14.7, NaHCO; 15.4, glucose 5.5, MgCl, 1.2
and CaCl, 1.3). The tissues were aerated with 95% O,
5%CO, and maintained at 37°C. Each tissue was loaded with
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an initial tension of 2 g. The tissues were allowed to equili-
brate for 1 h and were washed every 15 min over this period
of time.

Once a stable baseline tension had been established (ap-
proximately 1.5 g), each tissue was exposed to logarithmically
increasing concentrations of histamine over the range 1 nM to
100 uM in order to construct a cumulative histamine dose-
response curve. The degree of contraction elicited by 100 uM
histamine was assigned the value of 100% and all the subse-
quent contractile responses on each tissue were expressed as a
percentage of this reference value. After completion of the
initial histamine dose-response curve, the tissues were washed
with Krebs solution every 15 min, for 1 h. During this time,
the tension of the tissues returned to that recorded before
histamine exposure.

Determination of the reproducibility of histamine
dose-response curves

After the washout period and the re-establishment of the
initial baseline tension, a second histamine dose-response
curve was constructed. First and second histamine dose-
response curves, on the same tissue, were compared in order
to determine the within-tissue reproducibility of the response
to histamine. The second histamine curves, on paired
preparations from the same trachea, were compared in order
to determine the between-tissues reproducibility of the hista-
mine response.

The effect of leukotriene E, pretreatment on histamine
responsiveness

In selected experiments, after completion of the first hista-
mine curve, paired tissues were washed with Krebs solution
every 15 min, for 1 h, until the tension had returned to initial
baseline values. Test tissues were then exposed to either 4 nM
or 15nM leukotriene (LT) E,, and control tissues to buffer,
for an incubation time of 15 min, an incubation time shown
to be optimal in a preliminary study of the kinetics of the
effect of LTE, on histamine responsiveness. The concentra-
tions of LTE, were selected as representing 10% and 30%
respectively of the contractile response seen with 100 uM
histamine. After incubation, the tissues were washed every
15 min for 60 min, in order to re-establish initial baseline
tension values. A second histamine dose-response curve was
then established.

In other experiments, the non-contractile analogue of
LTE,, 20-COOH LTE, (Samhoun et al., 1989), was used in
place of LTE,.

Synthetic LTE, was prepared as previously described
(Lewis et al., 1980). Concentrations of leukotrienes were
determined by ultraviolet absorbance at 280 nm assuming a
molar extinction coefficient of 40,000 cm~!M~!.

Agonist selectivity of leukotriene E,induced
hyperresponsiveness

LTE.induced hyperresponsiveness of guinea-pig tracheal
smooth muscle to agonists other than histamine was investi-
gated. The effect of a 15 min preincubation with 4 nM or
15 nM LTE, on the responsiveness of tracheal smooth muscle
to either the muscarinic agonist, carbachol, substance P, or
to potassium chloride (KCl), was investigated. Concentration-
effect curves were constructed to carbachol over the range of
0.1 nM to 10 uM, substance P (0.1 nM to 10 puM) and to KCI
(1mM to 60 mM). In the experiments using substance P,
phosphoramidon (1 pM), a metallopeptidase inhibitor, was
added to all tissues.

In addition, the ability of LTE, to influence tracheal re-
sponsiveness to a relaxant agonist was studied. After
pretreatment with LTE,, tracheal strips were contracted with
100 uM histamine and dose-response curves to isoprenaline
were then constructed over the concentration range 0.1 nM to

10 pM. Control tissues were used to determine the decay of
the histamine contraction with time.

Pharmacological modulation of the effect of LTE,
pretreatment on histamine responsiveness

The ability of various inhibitors or antagonists to block the
effect of LTE, pretreatment on histamine responsiveness was
investigated in separate experiments.

Indomethacin (5 pM), atropine (1 uM) or the TP-receptor
antagonist, GR32191 (3 uM) (Humphrey et al., 1990), were
added to the Krebs solution at the beginning of the experi-
ment for both the test (LTE,-treated) and the control (buffer-
treated) tissues. Neither atropine nor GR32191 caused any
change in the smooth muscle baseline tension.

Electrical field stimulation

Tracheal strips were set up for electrical field stimulation
(EFS) as described by Belvisi et al. (1990) and a Grass S88
stimulator was used to construct frequency-response curves
over the range 1-50 Hz for each tissue. The following
parameters were used: voltage, 20 V; pulse width, 0.1 ms and
the length of stimulation was 10 s with a 2 min rest period.
At least three EFS responses were obtained and the mean of
these values was taken. The degree of contraction produced
by 50 Hz stimulation, on the first curve, was assigned the
value of 100%. All tissues were treated with propranolol
(1 pM) in order to antagonize the effect of released sympa-
thetic neurotransmitters. The contractions to EFS were
blocked by tetrodotoxin (1 uM), showing that the response
was of neural origin.

LTE, (4 nM) was incubated with the test tissues for 15 min
and then the tissues were washed. Control tissues were
treated with buffer. After the preparations had been washed
for 1 h and regained initial basal tone, a second frequency-
response curve was constructed. In separate experiments, in
the presence of indomethacin (5 uM), tissues were pretreated
with the thromboxane A,-mimetic, U46619 {11, 9« -epoxy-
methano-PGH,). Test tissues were exposed to U46619 (4 nM
— a non-contractile concentration) and control tissues to
buffer for 30 min before constructing a second frequency-
response curve.

Materials

Histamine, carbachol, substance P, isoprenaline, indo-
methacin, propranolol, tetrodotoxin, phosphoramidon and
atropine were all obtained from Sigma, Poole, Dorset.
GR32191 ([1-R-[l(z), 2B,3B,56]]-(+ )-7-[5-([1,1’-biphenyl]-4-
ylmethoxy)-3-3-hydroxy-2- (1-piperidinyl) cyclopentyl -4-hep-
tenoic acid, hydrochloride) and U46619 were gifts from
Glaxo Group Research, Ware, Herts. All substances were
diluted in 9 g litre! saline.

Statistics

The concentration of histamine that elicited a 50% maximum
contraction (ECs,) was interpolated from the second hista-
mine dose-response curve for each tissue. The degree of
contraction elicited by the highest concentration of any ap-
plied agonist is termed the maximal response (Tp,,). For the
analysis of data, Student’s ¢ test for paired data was used.
Values are given as mean % s.d.

Results

Effect of epithelium removal on responsiveness to
histamine of guinea-pig airway smooth muscle

Following removal of the epithelium, the histamine dose-
response curve was displaced approximately 2—4 fold to the
left (Figure 1). The histamine ECs, values for the intact and



558 C.AJ.JACQUES et al.

1204

100+

80+

60+

404

% control response

204

-9 -8 -7 -6 -5 -4
log Histamine concentration (m)

Figure 1 The effect of epithelium removal on tissue response to
histamine. Intact tissues (O) and epithelially-denuded tissues (A),
(mean with s.d. as vertical bars, n = 4).

denuded tissues were 3.2* 1.4puM and 0.9 X 1.1 pM, respec-
tively (mean * s.d., n =4). The threshold concentrations of
histamine eliciting contraction of intact and denuded tissues
were 100nM and 10 nM, respectively. There was no
significant difference between intact and denuded tissues in
terms of the maximal response to 100 uM histamine.

Reproducibility of histamine dose-response curves

Reproducibility of histamine dose-response curves was
assessed both within and between tissues over the concentra-
tion range 1 nM to 100 uM. The threshold concentration for
eliciting contraction was found to be approximately 10 nM
for both the first and second dose-effect curves to histamine.
The concentrations of histamine eliciting 50% contraction
(ECs) on the first and second histamine curves in the same
tissues were 1.0 £ 0.8 uM and 1.2+ 0.9 uM (n = 25), respec-
tively. Randomly selected, paired tissues, taken from the
same trachea, had ECs, values derived from the second hista-
mine dose-response curves of 0.9 £ 1.1 uM and 1.0 % 1.5uM
(n = 12), respectively.

The effect of leukotriene E, pretreatment on histamine
responsiveness

LTE, dose-response curves were constructed on epithelially-
intact guinea-pig tracheal strips over the concentration range
1nM to 1pM. Concentrations of LTE, eliciting 10%, 30%
and 50% contraction were 4+ 2.1nM, 15f3.8nM and
29+ 7nM (n = 4), respectively. Concentrations of LTE, of
4 nM and 15 nM were used for the incubation on epithelially-
denuded strips. The degree of contraction produced by these
concentrations on epithelially-denuded tissue was 13.7 + 4%
and 34.51 2% (n = 4), respectively.

The threshold concentration of histamine (10 nM) that
elicited contraction of the epithelially-denuded tracheal
smooth muscle (Figure 2) was unaffected by pretreatment
with LTE,. The histamine ECs, values of tissues treated with
either buffer or LTE, (4nM or 15nM), for 15min, were
0.6+0.3puM, 0.3+£02puM and 0.5 0.2puM (n =5), respec-
tively (Figure 2). Thus there was no significant difference
between control and test tissues in terms of tissue sensitivity
(ECso) to histamine after incubation with LTE,.

There was a significant (P <0.01) 60% increase in the
maximal response to 100 uM histamine of denuded tissues
treated with LTE, (4 nM), for 15 min, when compared with
control tissues. These values were 197 £ 15% for the LTE,-
treated tissues and 137 * 25% for the control tissues (n = 5),
respectively. There was no significant difference between con-
trol tissues and those tissues treated with LTE, (15nM)
(144 £ 13%, n =5) (Figure 2).
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Figure 2 A single representative experiment (from n = 5) showing
histamine dose-response curves constructed on guinea-pig epithelially-
denuded tracheal smooth muscle pretreated with buffer (O), 4 nm
leukotriene E4 (LTE,, A) or 15nM LTE, (O), for 15 min.

Kinetics of leukotriene E, incubation on the histamine
maximal response (T,,,)

There was no significant difference between buffer-treated
and LTE, (4 nM)-treated tissues in terms of sensitivity (ECs)
to histamine after incubation of tissues for 10, 15 or 20 min.
There was also no difference between test and control tissues
in terms of maximal response (Ty.) to histamine (100 pM)
after 10 min preincubation with 4 nM LTE, (Figure 3). How-
ever, when tissues were pretreated with LTE, (4 nM) for
15 min, there was a significant (P <0.01) increase of 60% in
Tmax- When compared with controls, the corresponding in-
crease in T,,, after 20 min incubation was 35%, which was
also statistically significant (P <0.05) (Figure 3).

Effect of the 20-COOH LTE,-analogue on histamine
responsiveness

There was no significant difference between buffer- and 20-
COOH LTE, (4 nM and 4 uM)-treated tissues, in terms of
sensitivity to histamine (Figure 4), the ECs, values being
1.9+£06pum, 1.7+£0.6uM and 2.6 £ 1.7uM (n = 4), respec-
tively.

After pretreatment of test tissues with either 4 nM or 4 uM
20-COOH LTE,, for 15 min, the corresponding Ty, values
were 78 £26% and 93 20% (n =4), respectively. These
values were not significantly different from the control results
of 103 £ 12%.

Agonist selectivity of leukotriene Einduced
hyperresponsiveness

Carbachol The ECs, values for carbachol in control tissues
and tissues treated with either 4nM or 15nM LTE, were
34+ 13nM, 391 17nM and 39 X 17 nM (n = 4), respectively.
Similarly, LTE, pretreatment of tracheal strips was without
effect on the maximal response to carbachol (10 uM); the
maximal responses of control tissues and tissues treated with
LTE, were 166 £ 61%, 141 £ 13% and 149 £ 13% (n =4),
respectively, of the initial response to histamine (100 uMm).

Potassium chloride The ECs, values for KCl in control tis-
sues and in those tissues preincubated with either 4 nM or
15nM LTE, were 20 £ 4mM, 14% 10mM and 15+ 10 mM
(n = 4), respectively. Additionally, preincubation of tracheal
strips with LTE, did not affect the maximal response to KCl
(60 mM), the maximal responses of control tissues and tissues
treated with LTE, being 87 £ 19%, 1031 17% and 105
33% (n =4) of the initial response to histamine (100 uM).



LTE,, EPITHELIUM AND AIRWAY HYPERRESPONSIVENESS 559

200

- - -
D [+

8 o o

L A 1
-

% increase in maximal response
]
o
e

100 + T T
10 15 20
Time (min)

Figure 3 Plot of the maximal response to 100 uM histamine versus
incubation time for tissues treated with either buffer (O) or 4 nm
leukotriene E; (A). (Mean with s.d. as vertical bars, n = 5).
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Figure 4 A single representative experiment (from »n = 4) showing
histamine dose-response curves constructed on guinea-pig epithelially-
denuded tracheal smooth muscle pretreated with buffer (O), 4 nm
20-COOH LTE, (A) or 4um 20-COOH LTE, (O), for 15 min.

Substance P The ECs, values for SP in 4 nM- and 15nM
LTE,-treated tissues were 13X 16nM, 11X8nM (n =4),
respectively; these did not differ significantly from the ECs, of
15+ 18nM (n =4) in the controls. However, there was a
significant (P <0.05) increase of 40% in the T, value of
4 nM LTE,-treated tissues (169 + 23%, n = 4) compared with
control tissues (131 £ 1%, n =4). Those tissues pretreated
with 15nM LTE, did not differ significantly (122 % 11%,
n = 4) from control values in terms of the maximal response
to 10 uM SP.

Isoprenaline LTE, pretreatment did not affect epithelially-
denuded tracheal smooth muscle responsiveness to iso-
prenaline. The concentrations of isoprenaline producing 50%
inhibition (ICs,) of histamine-induced contraction of control
tissues and tissues pretreated with either 4 nM or 15 nM LTE,
were 16 £ 22 nM, 12 + 13 nM and 38 + 23 nM (n = 4), respec-
tively. Similarly, there was no significant difference between
control tissues and those pretreated with LTE, in terms of
the maximal response; T, values for control and LTE,-
treated tissues were 93+ 12%, 94+ 6% and 91 % 10%
(n = 4), respectively. These results were corrected for decay
of contraction with time.

Pharmacological modulation of the effect of leukotriene
E, on histamine responsiveness

The enhanced maximal response to histamine after pretreat-
ment with LTE, (4 nM) was inhibited by the presence of

either the cyclo-oxygenase inhibitor, indomethacin; the TP-
receptor antagonist, GR32191 or atropine.

Indomethacin Addition of indomethacin (5 pM) to tissues
caused a decrease in baseline tension of approximately
500 + 175 mg (n = 4), which was compensated for by raising
the tension to the initial value. The histamine ECs, values
obtained in the absence or presence of indomethacin were
07+03puM and 2.0x09uM (n =4), respectively. This
reflected a significant (P <0.05) 3 fold rightward shift in the
histamine dose-response curves. Indomethacin did not
significantly affect the T, with values for buffer- and
indomethacin-treated tissues being 110 * 14% and 104 + 20%
(n = 4), respectively, of the initial response to histamine
(100 pM).

However, preincubation of tissues with indomethacin
(5 uM) inhibited the increased maximal response to histamine
elicited by LTE, (Figure 5). The histamine ECs, for control
tissues and tissues treated with 4 nM and 15nM LTE, was
1.3X0.5uM, 1.0+ 0.3 uM and 1.5 0.7 uM (n = 4). The cor-
responding maximal contractile responses to 100 uM hista-
mine were 106+ 6%, 112+ 14% and 111X 5% (n =4),
respectively. There was no significant difference between
these values.

GR32191 In separate experiments, GR32191 (3 uM) was
shown to inhibit the TP-receptor-mediated contraction of
epithelially-denuded guinea-pig tracheal smooth muscle
induced by the thromboxane A,-mimetic, U46619 (results not
shown). Addition of GR32191 (3 uM) did not affect tissue
sensitivity to histamine; the histamine ECs, values for buffer
and GR32191-treated tissues were 0.52 + 0.4 uM and 0.78 £
0.6 pM (n = 4), respectively. However, incubation of tissues
with GR32191 (3 uM) inhibited LTE,-induced increase in the
maximal response to 100puM histamine. Histamine EC,,
values for control preparations and tissues treated with 4 nM
LTE, were 0.47 £ 0.1 uM and 0.27 £ 0.2 uM (n = 4), respec-
tively. The equivalent T, values, in the presence of
GR32191 (3 uM), were 128 * 27% and 155 £ 32% (n =4),
respectively. None of these values showed significant
difference.

Atropine Histamine dose-response curves were constructed
on tracheal strips after pretreatment with either 4 nM LTE,
or buffer, and in the presence or absence of atropine (1 pM).
The incubation time was 15min (Figure 6). Histamine
curves, in the absence of atropine, were located with ECsy
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Figure 5 A single representative experiment (from n = 4) showing
histamine dose-response curves constructed, in the presence of 5um
indomethacin, on guinea-pig epithelially-denuded tracheal smooth
muscle pretreated with buffer (O), 4 nM leukotriene E4 (LTE,, A) or
15nM LTE, (O), for 15 min.
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Figure 6 A single representative experiment (from n = 4) showing
histamine dose-response curves constructed, either in the absence
(O) or presence (@) of 1puM atropine, on guinea-pig epithelially-
denuded tracheal smooth muscle pretreated with either buffer (O,®)
or 4nM leukotriene E; (A,A), for 15 min.

values of 9.8+ 44uM and 3.4*33uM (n =4) with and
without treatment with LTE, (4 nM). The locations of these
curves were not significantly different. The T, values for
control and test tissues were 97 + 13% and 138 + 8% (n =4),
representing a significant (P <0.05) increase of 40% in re-
sponse in epithelially-denuded tracheal strips, which had been
exposed to LTE, (4 nM).

Addition of atropine (1 uM) to tissues did not affect their
sensitivity to histamine, with ECs, values for buffer and
atropine-treated tissues being 9.8 + 4.4 uM and 6.1 £ 4.2 um
(n = 4), respectively. Similarly, there was no significant
difference between control and atropine-treated tissues in
terms of maximal response to histamine; the T, values were
97 £ 13% and 112 £ 22% (n = 4), respectively. In the presence
of atropine (1 pM), preincubation of tissues with LTE, (4 nM)
for 15min did not alter either sensitivity or maximal re-
sponses to histamine, when compared with control tissues;
the histamine EC;s, for control tissues and tissues treated with
LTE, (4 nM) were 6.1 £2.4puM and 5.2 £ 3.1 uM (n = 4) and
the T,.. values for control and LTE,-treated tissues were
112+ 22% and 124 £ 13% (n = 4), respectively. There was
no significant difference between these values.

The effects of leukotriene E, or U46619 pretreatment on
electrical field stimulation (EFS)

The capacity of LTE, to influence guinea-pig tracheal re-
sponse to EFS was investigated. Pretreatment of tissues with
LTE, (4 nM), for 15 min, significantly (P <0.05) increased
the contractile response to EFS over the frequency-range
1-20 Hz when compared with control curves (Figure 7a).
The frequencies producing 50% contraction of control and
test tissues were approximately 8 *3Hz and 4*2Hz
(n=4).

Since GR32191, the TP-receptor antagonist, had been
previously shown to block the increase in T, to histamine,
the effect of the thromboxane A,-mimetic, U46619, on elec-
trically-stimulated tracheal strips was investigated. The con-
centration of U46619 used (4 nM) had no direct contractile
effect and had no significant effect on responses to EFS at
low frequencies (1-5 Hz). However, with EFS at frequencies
of 10—40 Hz, U46619 caused a significant (P <<0.05) increase
in the contractile response (Figure 7b). There was no
significant difference between the two curves at the highest
frequency of 50 Hz. The frequencies producing 50% contrac-
tion of control and test tissues were approximately 6 £ 3 Hz
and 4+ 3 Hz (n = 4), respectively.
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Figure 7 (a) A single representative experiment (from n = 4) show-
ing frequency-response curves constructed on guinea-pig epithelially-
denuded tracheal smooth muscle pretreated with either buffer (O) or
4 nM leukotriene E; (@), for 15 min and then subjected to electrical
field stimulation. (b) A single representative experiment (from n = 4)
showing frequency-response curves constructed on guinea-pig epi-
thelially-denuded tracheal smooth muscle pretreated with either
buffer (O) or 4 nM U46619 (@), for 15min and then subjected to
electrical field stimulation.

Discussion

Previous work has established that preincubation of guinea-
pig epithelially-intact tracheal smooth muscle with LTE,
enhances the subsequent contractile response to histamine.
The effect was dose- and time-related (Lee et al., 1984;
Jacques et al., 1991). In contrast to these findings, pretreat-
ment of epithelially-denuded tissue with LTE, elicited a
significant increase in the maximal response, without
significantly affecting tissue sensitivity. The increase in the
maximal response was again both time- and dose-related.

Removal of the respiratory epithelium produced an ap-
proximate 3 fold increase in tissue sensitivity to histamine
without affecting the maximal response. This is in agreement
with earlier reports (Holroyde, 1986).

The incubation concentrations of LTE, that were used in
these studies were 4nM and 15nM. These concentrations
elicited approximately the same degree of contraction in
epithelially-denuded tracheal smooth muscle as in epithelially-
intact tissue. This confirms the reports published by Hay et
al. (1987) that epithelium removal had no effect on LTE,-
induced contractions.
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LTE, pretreatment of denuded tissues did not modify sen-
sitivity to histamine, in contrast to intact tissues where a
significant increase in smooth muscle sensitivity to histamine
of approximately 10 fold was observed (Jacques et al., 1991).
This would suggest that the epithelium is necessary for
eliciting increased tissue sensitivity after LTE, exposure.
Alternatively, having removed the epithelium and conse-
quently enhanced sensitivity of the tissue to histamine, no
further increase in sensitivity may be possible. Indeed, in-
creasing the concentration of LTE, from 4 nM to 15 nM had
no effect on tracheal smooth muscle sensitivity to histamine
in epithelially-denuded tissues. Similarly, 20-COOH LTE,, a
structural analogue of LTE,, which is without contractile
activity on guinea-pig airway smooth muscle, did not affect
tissue sensitivity to histamine.

Whereas in tissues with an intact epithelium pretreatment
with either 4nM or 15nM LTE, did not significantly affect
the maximal response to histamine, exposure of epithelially-
denuded tissues to LTE, (4 nM) elicited significant increases
in the T,.,, with the optimal incubation time being 15 min.
After 15 and 20 min incubation, there were significant in-
creases of approximately 60% (P <0.01) and 35% (P <0.05),
respectively. The increase in T, in the absence of epithelium
might be explained by the loss of an epithelium-derived
relaxant factor (EpDRF) (Flavahan ef al., 1985; Tschirhart &
Landry, 1986; Aizawa et al., 1988; Hay et al., 1988; Fer-
nandes et al., 1989; Raeburn et al., 1990). The loss of in-
crease of maximal response with time may be due to a
variety of factors including the breakdown of the leukotriene
or the production of a substance counteracting the increase.
The lack of effect of tissue pretreatment with the higher
concentration of LTE, (15 nM) might possibly be explained
by the stimulated production of a suppressive factor (clearly
not EpDREF as the epithelium has been removed) or, alterna-

LTE,

J

Smooth muscle

‘Prime’
TXA2

tively, the higher concentration may be interacting with
receptors distinct from those activated by the lower concen-
tration (4 nM). LTE, (15nM) was only investigated for a
15 min incubation time, the optimal incubation time for
LTE, (4 nM) to elicit an increase in maximal response, and
further investigation with a variety of incubation times may
show that the higher LTE, concentration is capable of
enhancing the maximal response to histamine.

Actions of LTE, on epithelially-intact tissues were specific
to histamine and did not modify carbachol, KCl, substance P
(SP) or isoprenaline responses (Jacques et al., 1991).
Similarly, LTE,, at concentrations of 4 nM and 15 nM, was
unable to alter the sensitivity of epithelially-denuded tissues
to any of these agonists. In addition, LTE, did not influence
the maximal response of epithelially-denuded tissue to car-
bachol (10 uM). However, in the presence of a metalloendo-
peptidase inhibitor, pretreatment of epithelially-denuded
tissues with LTE, (4 nM), for 15 min, significantly increased
the maximal response to SP (10 uMm). However, raising the
concentration of LTE, to 15 nM produced no increase in the
Tmax in the test tissues. The lack of effect of LTE, treatment
on ‘denuded’ tissue responsiveness to KCl may be due to the
fact that contraction to KCl, in contrast to both histamine
and SP, is not a receptor-mediated event.

The maximal relaxation to isoprenaline, in epithelially-
denuded tissue previously exposed to LTE,, remained un-
altered. This suggests that the effect of LTE, pretreatment on
epithelially-denuded tissue is selective for contractile agents.

The cyclo-oxygenase inhibitor, indomethacin, blocked the
LTE,-induced increase in maximal response to histamine in
epithelially-denuded tracheal smooth muscle. Hay et al
(1987) have reported that indomethacin treatment of
epithelially-denuded tracheal strips decreased LTE, sensi-
tivity. This was not observed in our study. Hay et al. (1987)

Substance P
Histamine

_

Epithelium

Cholinergic

nerve terminal

ACh release

Increased maximal
response

Figure 8 A proposed mechanism for leukotriene E; (LTE,)-induced increase in the maximal response of guinea-pig central airway
smooth muscle denuded of epithelium. It is suggested that LTE, stimulates the production of a prostanoid mediator that interacts
with the TP-receptor, which is located on the cholinergic nerve terminal, to ‘prime’ neuronal activity. This action can be blocked by
either indomethacin or GR32191. High concentrations of histamine or substance P interact with neuronal receptors to elicit the
release of acetylcholine (ACh). Released ACh then interacts with postjunctional muscarinic M; receptors. This action can be
blocked by atropine. A factor released from the epithelium could inhibit the increase in maximal response in epithelially-intact

smooth muscle.
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constructed cumulative dose-response curves to LTE,, in the
presence of indomethacin, whereas in the present experi-
ments, only single concentrations of LTE, were used.

Various authors have reported that indomethacin is with-
out effect on the maximal contractile response of epithelially-
denuded guinea-pig trachea (Raeburn, 1990). Our results
confirm this for histamine. Indomethacin was able to block
completely the increase in maximal response to histamine of
epithelially-denuded tissue, after pretreatment with LTE,.
This suggests that prostanoids are involved in the mechanism
eliciting this phenomenon. The TP-receptor antagonist,
GR32191, was also able to block the increase in the maximal
response to histamine after exposure of epithelially-denuded
tissues to LTE,. Thus, the LTE,-induced increase in T, of
epithelially-denuded tissues may be mediated by a TP-
receptor-dependent mechanism.

Similarly, atropine, the muscarinic antagonist, was capable
of completely blocking a 40% increase in the maximal re-
sponse to histamine, after previous exposure to 4 nM LTE,,
for 15 min. This suggests that the increased T, elicited by
LTE, is via a cholinergic mechanism.

The contractile response of epithelially-denuded tissue to
electrical field stimulation (EFS) was increased by prior
exposure to LTE,. The receptors that lead to an increased
cholinergic response to EFS may be TP-receptors, as shown
by the studies using the TP-receptor agonist, U46619.
Pretreatment of ‘denuded’ tissues with a non-contractile con-
centration of U46619, potentiated the contractile response of
tracheal strips to EFS. All of the observations were identical
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Effects of nitric oxide synthesis inhibition on the goat coronary

circulation under basal conditions and after vasodilator
stimulation
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1 The role of nitric oxide in the coronary circulation under basal conditions and when exposed to
various vasodilator stimuli was studied in instrumented, anaesthetized goats, by examining the action of
inhibiting endogenous nitric oxide production with NC-nitro-L-arginine methyl ester (L-NAME).

2 In 12 goats, left circumflex coronary blood flow (electromagnetically measured), systemic arterial
blood pressure and heart rate were continuously recorded. L-NAME (3-4, or 8-10mgkg~! injected
1.v.) decreased resting coronary blood flow by 20 and 28%, increased mean arterial pressure by 23 and
30% and increased coronary vascular resistance by 47 and 65%, respectively, without affecting heart
rate, or blood gases or pH. These haemodynamic effects were reversed by L-arginine (200— 300 mg kg~'
by i.v. injection, S goats).

3 Acetylcholine (0.001-0.1 pg), sodium nitroprusside (0.01-0.3 mg), and diazoxide (0.1-3 mg),
injected intracoronarily in 6 goats, produced dose-dependent increases in coronary blood flow; sodium
nitroprusside (0.1-0.3 mg) also caused hypotension and tachycardia.

4 During the effects of L-NAME, the coronary vasodilatation to acetylcholine was attenuated, to
sodium nitroprusside was increased, and to diazoxide was unaffected, in comparison with control
conditions. The hypotensive effects of sodium nitroprusside were also increased during treatment with
L-NAME.

5 Graded coronary hyperaemic responses occurred after 5, 10 or 20 s of coronary occlusion. The
magnitude of hyerpaemia for each occlusion duration was increased during treatment with L-NAME, in
comparison to control.

6 The results suggest: (a) endogenous nitric oxide is involved in regulation of coronary circulation by
producing a basal vasodilator tone, (b) acetylcholine-induced coronary vasodilatation is mediated, in
part, by nitric oxide, and (c) inhibition of basal endogenous nitric oxide production induces supersen-
sitivity of coronary vessels to nitrovasodilators and enhances hyperaemic responses after short periods of
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ischaemia of the myocardium.
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Introduction

Since the original observation by Furchgott & Zawadzki
(1980) it is now recognized that the endothelium plays a
major role in regulating vascular tone by releasing vasoactive
factors and by modulating vascular responses to various
stimuli (Furchgott & Vanhoutte, 1989). Experimental
evidence indicates that nitric oxide, or a closely related com-
pound, is at least one type of endothelium-derived relaxing
factor that is synthesized from L-arginine (Palmer et al,
1987; 1988; Ignarro et al., 1987) and relaxes vascular smooth
musculature via the stimulation of guanylate -cyclase
(Rapoport & Murad, 1983; Ignarro et al., 1986). The syn-
thesis of endothelial nitric oxide can be inhibited by several
L-arginine analogues, and this inhibition induces vascular
contraction in vitro and in vivo (Moncada & Higgs, 1990),
increases resistance in several vascular beds (Gardiner et al.,
1990a; 1991) and reduces blood flow in the brachial artery of
man (Vallance et al., 1989). Thus, the basal release of nitric
oxide (Martin et al., 1986; Rees et al., 1989a) appears to be
responsible for maintaining a vasodilator tone in the cardio-
vascular system (Rees ez al., 1989b; Gardiner et al., 1990a).

! Author for correspondence.

Endothelial function has been regarded as an important
factor in the regulation of the coronary circulation and it
may be of pathophysiological significance in several disease
states (Harrison, 1989). However, many questions remain to
be answered regarding the mechanisms by which the
endothelium achieves this function. Endothelium-dependent
vasodilatation has been found in coronary vessels from dogs
(Rubanyi et al., 1986, Hayashi et al., 1988; Myers et al.,
1989) and man (Hodgson & Marshall, 1989). More recently
it has been reported that human coronary vessels in vitro
release nitric oxide, which is cleaved from L-arginine (Chester
et al., 1990) and that nitric oxide plays a significant role in
modulating basal vasomotion and endothelial-dependent
dilatation in the coronary circulation of dogs (Chu et al.,
1991).

The present experiments were performed to study the role
of nitric oxide in basal vascular tone and in vasodilatation of
the coronary circulation of anaesthetized goats. To this end,
the animals were instrumented and the effects of a potent
inhibitor of the nitric oxide synthesis, NC-nitro-L-arginine
methyl ester (L-NAME) (Moore et al., 1990; Rees et al.,
1990), were investigated both on the basal coronary blood
flow and on coronary vasodilator responses to acetylcholine,
sodium nitroprusside, diazoxide and ischaemia.



564 J.L. GARCIA et al.
Methods

Twelve female goats (32-49 kg) were anaesthetized with an
intramuscular injection of 10mgkg~' ketamine hydro-
chloride and i.v. administration of 2% thiopentone sodium;
supplemental doses were given as necessary for maintenance.
After orotracheal intubation, artificial respiration with room
air was instituted by use of a Harvard respirator. Adjust-
ments in tidal volume or respiratory rate were used to main-
tain blood gases and pH within the following range:
Po, = 85-110 mmHg; Pco, =26-40 mmHg; pH = 7.35-7.45.

A polyethylene catheter was placed in one temporal artery
to measure arterial blood pressure (Statham transducer), and
to obtain blood samples for gas and pH analysis
(Radiometer ABL, Copenhagen, Denmark).

A thoracotomy was performed through the fourth left
intercostal space, and the pericardium opened to gain access
to the left aspect of the heart. The proximal segment of the
left circumflex coronary artery was dissected and an electro-
magnetic flow transducer (Biotronex) was placed on this
artery to measure blood flow. A snare type occluder was also
placed around this artery, just distal to the flow probe, to
obtain zero flow baseline and to produce transient coronary
ischaemias.

Coronary blood flow, systemic arterial pressure and heart
rate were continuously recorded on a Beckman recorder
throughout the experiments.

In this work the following experiments were performed: (1)
after resting control measurements were recorded, 12 animals
received an iv. bolus of L-NAME (3-4mgkg~' within
5min), and 5min after the haemodynamic variables had
reached a new steady state, animals received an additional
i.v. infusion of L-NAME (0.05-0.08 mgkg~' min~! over
70-90 min). L-NAME was dissolved in isotonic saline
(5 mg ml~'), and each animal received in total 8-10 mg kg~".
In five of these goats 200-300 mgkg~' of L-arginine was
given via i.v. route when the i.v. infusion of L-NAME was
stopped. L-Arginine, dissolved in isotonic saline (50 mg ml~Y),
was administered over 10-20 min; (2) the effects of acetyl-
choline (0.001, 0.003, 0.01, 0.03 and 0.1 pg), sodium nitro-
prusside (0.01, 0.03, 0.1 and 0.3 mg), and diazoxide (0.1, 0.3,
1 and 3 mg) were recorded in 6 animals before and during
the i.v. infusion of L-NAME. All these substances were dis-
solved in isotonic saline and given in volumes of 0.3 ml
directly into the left circumflex coronary artery through a
27G needle; these substances were injected in random
sequence, and the administration of each dose was separated
at least by 5 min, and (3) in 5 animals hyperaemic responses
following occlusions of the left circumflex coronary artery
lasting 5, 10 and 20 s were recorded before and during the
i.v. infusion of L-NAME. The order of occlusions was
randomized, and each observation was the average of 2
occlusions for each occlusion duration. To determine
hyperaemic responses, the following measurements and cal-
culations were made (Marcus et al., 1981): (a) the control
(basal) and the peak hyperaemic coronary blood flows were
measured and then the peak hyperaemic flow to control flow
ratio was calculated, and (b) the repayment-to-debt ratio was
calculated as reactive hyperaemia blood flow divided by
theoretical debt of blood flow. Reactive hyperaemia blood
flow is the blood flow in ml during the total hyperaemic
response over the control blood flow and was determined
planimetrically on the recordings. The debt of blood flow is
the blood flow in ml that theoretically would have occurred
during arterial occlusion and was calculated as the control
flow X the occlusion duration.

Resistance to blood flow through the left circumflex cor-
onary artery was calculated before and during the effects of
L-NAME as mean systemic arterial pressure in mmHg
divided by the coronary blood flow in mlmin~".

Drugs used were: NC-nitro-L-arginine methyl ester (L-
NAME, Sigma), acetylcholine chloride (Sigma), sodium
nitroprusside (Sigma) and diazoxide (Hyperstat, Schering).

Administration of isotonic saline alone intravenously or
intracoronarily at the volumes employed in the present study
had no systemic or coronary vascular effects.

Statistics: all haemodynamic measurements before and dur-
ing treatment with L-NAME were compared using the same
animal as its own control. Statistical analyses were performed
using an analysis of variance for repeated measures, followed
by an individual Student’s ¢ test for paired data.

Results

Effects of NC-nitro-L-arginine methyl ester

Mean values for the circumflex coronary blood flow, mean
systemic arterial pressure, coronary vascular resistance and
heart rate obtained in 12 goats before and after treatment
with L-NAME are summarized in Table 1. The i.v. bolus of
L-NAME (3-4mgkg~! within 5min) increased systemic
arterial pressure by about 23% (P<<0.001), decreased cor-
onary blood flow by about 20% (P<<0.001), increased
coronary vascular resistance by about 47% (P<<0.001), but
did not change heart rate significantly (P> 0.05). These
effects occurred in all the animals except one in which cor-
onary blood flow did not change; they were evident before
completion of L-NAME injection. These haemodynamic
changes were slightly accentuated during the additional i.v.
infusion of L-NAME (0.05-0.08 mg kg~! over 70-90 min);
under these conditions, mean arterial pressure increased
about 30%, coronary blood flow decreased about 28% and
coronary vascular resistance increased about 65% with
respect to control values. In these circumstances only the
changes in coronary vascular resistance were significantly
(P<0.05) different from the haemodynamic changes ob-
tained after the i.v. bolus of L-NAME. Blood gases and pH
during the effects of L-NAME were not significantly different
from those obtained under control conditions. In 7 of these
animals, the haemodynamic effects induced by L-NAME
remained, at least, for 1h after stopping its administration.

In 5 goats, administration of L-arginine, after stopping the
i.v. infusion of L-NAME, decreased systemic arterial pres-
sure, increased coronary blood flow, decreased coronary vas-
cular resistance but did not change heart rate. The
haemodynamic changes induced by L-NAME returned to
control values within 5-10min after stopping the i.v.
administration of L-arginine (Table 1). This contrasted with
the haemodynamics in the 7 goats treated with L-NAME, but
not with L-arginine.

Effects of acetylcholine

Acetylcholine (0.001-0.1 pug), injected into the left circumflex
coronary artery, produced dose-dependent increases in cor-
onary blood flow, but did not change systemic arterial pres-
sure significantly; the doses of 0.03 and 0.1 pg also caused
bradycardia. However, the increments in coronary blood flow
produced by acetylcholine during i.v. infusion of L-NAME
were significantly lower than under control conditions
(Figure 1).

Effects of sodium nitroprusside

Sodium nitroprusside (0.01-0.3 mg), injected into the left
circumflex coronary artery, induced marked dose-dependent
increases in coronary blood blood flow; these effects were
significantly greater during treatment with L-NAME than
under control conditions. The doses of 0.1 and 0.3 mg of
sodium nitroprusside also induced decreases in systemic
arterial pressure and caused tachycardia, and during treat-
ment with L-NAME the doses of 0.03, 0.1 and 0.3 mg of
sodium nitroprusside induced systemic hypotension and
tachycardia. The hypotensive effects of each dose of sodium
nitroprusside during L-NAME were significantly greater than
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Table 1 Values (mean % s.e.mean) for the left circumflex coronary blood flow (CBF), coronary
vascular resistance (CVR), mean systemic arterial blood pressure (MAP), and heart rate (HR)
obtained before (control), immediately (12 goats) or 1h (7 goats) after i.v. administration of
NC-nitro-L-arginine methyl ester (L-NAME) and after i.v. administration of L-arginine following

L-NAME (5 goats)

Control  3-4mgkg™!
CBF
(ml min-") 39+3.1 31+2.5¢
CVR
(mmHg ml~' min-') 23102 3410.2*
MAP (mmHg) 84+34  103+49*
HR (beats min~') 841+47 87+49

L-NAME L-Arginine
8-10mgkg~' 1h later  (200-300 mgkg~")
28 £ 1.5* 271+ 1.8* 36 £2.2#
3.8+0.2%¢ 3.9%0.3* 22+ 0.2#
109 £ 3.7* 105 £ 3.2* 80+ 744
90+ 6.2 88+ 5.7 80+ 10.8

*P<0.001 compared with the control; +P<0.05 compared with 3-4mgkg=' of L-NAME;

#P<0.01 compared with L-NAME alone.

160

40

Coronary blood flow
increment (%)
3

5SS 9 < S9 M| -0 -
§g g o gg =] o oo «
Acetylcholine (n.g) _ Sodium Diazoxide (mg)
nitroprusside
(mg)

Figure 1 Effects of intracoronary injections of acetylcholine, sodium
nitroprusside and diazoxide on coronary blood flow obtained in 6
goats in the absence (@) and in the presence (O) of NC-nitro-L-
arginine methyl ester (L-NAME). Values are mean and bars show
s.e. mean.

*P<0.05; **P<0.01.

the control responses; the average decrements in mean arterial
pressure (mmHg) for each dose were (mean fs.e.mean): 0+ 0
vs. 912 (0.03mg), 10+ 3 vs. 19+ 3 (0.1 mg) and 22+ 4 vs.
40 £ 6 (0.3 mg).

The coronary effects of sodium nitroprusside were evident,
and were measured, before the systemic effects; they are sum-
marized in Figure 1.

Effects of diazoxide

Diazoxide (0.1-3 mg), injected into the left circumflex cor-
onary artery, produced marked, dose-dependent increases in
the coronary blood flow without affecting significantly the
systemic variables. The coronary effects of this drug were
similar (P> 0.05) under control conditions and during treat-
ment with L-NAME (Figure 1).

Hyperaemic responses

After releasing the coronary arterial occlusion, a marked
hyperaemic response was recorded, and the magnitude of the
hyperaemic response (peak hyperaemic flow to control flow
ratio, and repayment-to-debt ratio) increased significantly as
occlusion duration increased from 5 to 20s. This feature
occurred under control conditions and during i.v. infusion of
L-NAME. However, the magnitude of the hyperaemic res-
ponses (peak hyperaemic flow to control flow ration and
repayment-to-debt ratio) for each occlusion duration was
significantly higher during treatment with L-NAME than
under control conditions (Figure 2).

Peak R H flow/control flow ratio
w

R H flow/debt ratio
[=2]

10 20
Occlusion duration (s)

0

Figure 2 Reactive hyperemia (RH) in the coronary circulation of 5
goats obtained after coronary occlusions of 5, 10 and 20 s duration
in the absence (@) and in the presence (O) of NC-nitro-L-arginine-
methyl ester (L-NAME). Values are mean and bars show s.e. mean.
*P<0.05.

In both circumstances, coronary occlusion of 20s dura-
tion, but not of 5 and 10 s duration, was often accompanied
by moderate decreases (5—10 mmHg for mean arterial pres-
sure) in systemic arterial blood pressure. This hypotension
coincided with the coronary occlusion and recovered within
15 s after releasing the occlusion.

Discussion

The present results show that i.v. administration of L-
NAME, but not of the vehicle, produced reduction in resting
coronary blood flow by increasing coronary vascular resis-
tance. These coronary vascular effects were accompanied by
a moderate increase in systemic arterial blood pressure, and
changes in coronary blood flow and systemic arterial blood
pressure by L-NAME were reversed with L-arginine. As L-
NAME has proved to be a potent inhibitor of nitric oxide
synthesis (Moore et al., 1990; Rees et al., 1990), our results
suggest that the decreased coronary blood flow by this subs-
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tance is related to reduction in basal nitric oxide production,
and consequently with inhibition of nitric oxide-mediated
basal vasodilator tone in the coronary vasculature in vivo.
This agrees with observations in the dog coronary circulation
(Chu et al., 1991) and supports the suggestion that a basal
vasodilator tone mediated by nitric oxide is present in the
coronary circulation, as occurs in other vascular beds
(Aisaka et al., 1989; Rees et al., 1989a; Gardiner et al.,
1990b). In awake dogs NC-monomethyl-L-arginine (L-
NMMA), another inhibitor of nitric oxide synthesis, induced
reductions in resting coronary blood flow of about 19% and
increases in systemic arterial blood pressure, without
affecting left ventricular contractility (Chu et al., 1991). Our
study shows that lower concentrations of L-NAME were
necessary to produce a reduction in coronary blood flow,
comparable in magnitude to that found with L-NMMA (Chu
et al., 1991). Heart rate decreases are frequently observed
when inhibitors of nitric oxide are administered (Aisaka et
al., 1989; Rees et al., 1989b; Gardiner et al., 1990b) but we
did not find this phenomenon, probably because anaesthesia
may block the baroreflex response (Widdop et al., 1992).
Systemic hypertension to L-NAME has also been found by
others (Gardiner et al., 1990a; Moncada et al., 1991), and the
haemodynamic responses to this substance seems to differ
between vascular beds (Gardiner et al., 1991; Van Gelderen
et al., 1991) and species (Van Gelderen et al., 1991).

Intracoronary administration of acetylcholine produced
coronary vasodilatation in anaesthetized goats, a feature also
observed in dogs (Cox et al., 1983; Reid et al., 1985; Chu et
al., 1991) and man (Hodgson & Marshal, 1989). It appears
that acetylcholine produces vasorelaxation by releasing
endothelium-derived nitric oxide (Furchgott & Vanhoutte,
1989; Moore et al., 1990; Rees et al., 1990; Gardiner et al.,
1991) and we found that the acetylcholine-induced coronary
vasodilatation was attenuated during treatment with L-
NAME. As the coronary vasodilator response to diazoxide
was preserved and those to sodium nitroprusside and
ischaemia were enhanced, the reduction in acetylcholine-
induced vasodilatation after L-NAME was probably a con-
sequence of inhibition of nitric oxide formation and not
secondary to a loss of ability of coronary vessels to dilate.
This agrees with the observations in conscious dogs by Chu
et al. (1991) and supports the idea that the coronary
vasodilatation by acetylcholine is mediated, at least in part,
by release of endothelial nitric oxide.

Both sodium nitroprusside and diazoxide produced in-
creases in coronary blood flow, and the effects of sodium
nitroprusside were increased, whereas those of diazoxide were
not modified, during the action of L-NAME. Sodium nitro-
prusside has been used as a donor of exogenous nitric oxide
and produces vasodilatation in a similar way to nitric oxide
(Ignarro & Kadowitz, 1985). Enhanced vasorelaxant res-
ponses to sodium nitroprusside and other nitrous compounds
have been found in the absence of a functional endothelium
or in the presence of L-arginine analogues (Shirasaki & Su,
1985; Liischer et al., 1989; Forster et al., 1990; Gardiner et
al., 1991; Moncada et al., 1991) and this has been related to
an increased sensitivity of guanylate cyclase in vascular mus-
culature to exogenous nitric oxide when production of
endogenous nitric oxide is reduced (Gardiner et al., 1991;
Moncada et al., 1991). Therefore, it appears that the removal
of endogenous nitric oxide in the vasculature could lead to
increases in sensitivity to vasodilators that act by stimulating
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Reactive hyperaemia after short ischaemias of the myo-
cardium is known to occur in the coronary circulation, and
metabolic and haemodynamic factors that contribute to the
hyperaemic response have been explored (Feigl, 1983). How-
ever, very little is yet known of the role of the endothelium in
the coronary hyperaemic response (Hayashi er al., 1988;
Ueeda et al., 1990; Chu et al., 1991). Using guinea-pig heart
Langendorff preparations, it was observed that NS-nitro-L-
arginine (an inhibitor of nitric oxide synthesis) reduces cor-
onary blood flow by 40%, but did not affect the peak
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not affect peak reactive hyperaemic flow, but reduced the
flow-mediated vasodilatation after ischaemia following 20 s
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hyperaemic flow to control flow ratio, and repayment-to-debt
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We have no immediate explanation for the differences
between our results and those of the above mentioned studies
(Hayashi et al., 1988; Ueeda et al., 1990; Chu et al., 1991).
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In conclusion, the results presented herein support the idea
that endogenous nitric oxide is involved in the regulation of
the coronary circulation under basal conditions by producing
a vasodilator tone. They also suggest that inhibition of basal
endogenous nitric oxide production reduces the acetylcholine-
induced coronary vasodilatation, induces supersensitivity of
coronary vessels to nitrovasodilators, and enhances hyper-
aemic responses after short ischaemias of the myocardium.
These findings could be of relevance for understanding
pathophysiology and for treatment of some coronary diseases
in which the endothelium is damaged.
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Neurally evoked responses of human isolated resistance arteries
are mediated by both a;- and a,-adrenoceptors

N.A. Parkinson, S.McG. Thom, A.D. Hughes, P.S. Sever, *M.J. Mulvany & *'H. Nielsen

Department of Clinical Pharmacology, St. Mary’s Hospital Medical School, London W2 INY and *Institute of Pharmacology

& Danish Biomembrane Research Centre, Bartholin Building, University of Aarhus, DK-8000 C, Denmark

1 Human subcutaneous resistance arteries (internal diameter 113-626 pum) were mounted in an isomet-
ric myograph. Electrical field stimulation was applied either continuously in the form of a frequency-
response curve or intermittently at 16 Hz. The magnitude of the maximum contraction induced by
continuous stimulation expressed as a percentage of the response to a supramaximal concentration of
noradrenaline (10 puM) was highly variable but unrelated to vessel calibre. Contractile responses to both
continuous and intermittent stimulation were abolished by 1pM tetrodotoxin.

2 Prazosin (100 nM and 1 pM, a,-adrenoceptor antagonist) inhibited responses to continuous stimula-
tion over a range of frequencies (2—8 Hz). The response to continuous stimulation at 8 Hz was inhibited
by 78 £ 6% by 1 uM prazosin. Rauwolscine (100 nM, a,-adrenoceptor antagonist) had a smaller effect on
contractions induced by continuous stimulation. Rauwolscine inhibited the response at 8 Hz by
36 £ 6%. Rauwolscine at a higher concentration (1 uM) caused further inhibition of the response to
continuous stimulation. Prazosin and rauwolscine in combination almost completely inhibited the
response to continuous stimulation at concentrations of 1 uM.

3 Prazosin and rauwolscine inhibited responses to intermittent stimulation in a concentration-
dependent manner. The ICs, for this action of prazosin was 3.7 £ 1.6 nM and the maximum inhibition
induced by 100 nM prazosin was 78 £ 6%. The ICs, of rauwolscine was 12.0 £ 1.3 nM and 100 nM
rauwolscine caused a 86 £ 7% reduction in the response to intermittent stimulation. Prazosin and
rauwolscine in combination (each at 100 nM) caused marked inhibition of the response to intermittent
stimulation leaving only 7.0 £ 2.6% of the response.

4 These data suggest that neurally released noradrenaline evokes contractions of human resistance

arteries by activation of both «,- and a,-adrenoceptors postjunctionally.

Keywords: Prazosin-pharmacology;
resistance-vessel

peripheral-nerves-drug-effects;

peripheral-vascular; rauwolscine;  a-adrenoceptors;

Introduction

Studies using exogenously applied agonists and antagonists
have demonstrated functional postjunctional «,- and «-
adrenoceptors in human arteries. Moulds & Jauernig (1977)
were the first to describe in vitro a ‘prazosin-resistant’ com-
ponent of the response to noradrenaline in human isolated
digital arteries, and subsequently, responses mediated by
arterial postjunctional aj-adrenoceptors have been demon-
strated both in vivo (Elliott & Reid, 1983; Jie et al., 1984) and
in vitro (Stevens & Moulds, 1981; Nielsen et al., 1989).

The contribution of postjunctional a,-adrenoceptors to
neurally evoked responses is not yet clarified. It was
originally proposed that the a,-adrenoceptors would only be
activated by circulating catecholamines and not by neuronally
released noradrenaline; i.e. an extra-synaptic location of the
a,-adrenoceptor (Timmermans & Van Zwieten, 1982; Jie et
al., 1987). Studies using terminal arterioles of the rat
cremaster muscle, however, have suggested that the a-adeno-
ceptor being stimulated postjunctionally by neurally-released
noradrenaline is mainly of the a,-subtype (Ohyanagi et al.,
1991) and results from investigations on human isolated
digital arteries indicate that both a,- and a,-adrenoceptors
are activated postjunctionally by neurally released nora-
drenaline (Stevens & Moulds, 1985).

Responses to exogenously applied noradrenaline in human
subcutaneous resistance arteries are mediated by both a,- and
a,-adrenoceptors (Nielsen et al., 1990). The objective of this
study was to assess the possible contributions of the post-

! Author for correspondence.

junctional a;- and a,-adrenoceptors to neurally-evoked con-
tractions of these vessels. The normal pattern of nerve firing
is highly irregular under in vivo conditions (Adrian et al.,
1982; Nilsson et al., 1985) with impulses occurring in bursts
separated by periods of quiescence. We therefore chose to
activate perivascular nerves both continuously in a frequency-
dependent manner and intermittently at high frequency
(16 Hz) in bursts of 5s duration. Some of the data have been
presented previously as an abstract (Parkinson et al., 1991).

Methods

Subjects and preparations

Biopsies of subcutaneous fat (approximately 2 x 1 X 1.cm)
were obtained from patients undergoing surgery. This was
approved by local ethics committees. Under the microscope,
two small arteries (113-626 um internal diameter) were
dissected out from each biopsy and mounted as ring
segments (approximately 2mm long) in a microvascular
isometric myograph by threading the vessels onto two 40 pm
stainless steel wires and securing the wires across two mount-
ing supports (Mulvany & Halpern, 1977). After a 1 h equili-
bration period at 37°C, the vessels were set to a normalised
internal circumference, estimated to be 0.9 times Ly, where
Liw is the circumference they would maintain when relaxed
and exposed to a transmural pressure of 100 mmHg (Mulvany
& Halpern, 1977). At 0.9 L,y, the contraction produced is
close to maximal (Mulvany & Warshaw, 1979), and internal
diameters of the arteries were calculated as 1,09 = L,go/. After
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normalisation, the arteries were initially exposed three times
to 10 uM noradrenaline for 2 min at 5 min intervals to deter-
mined vessel viability and maximal noradrenergic response.
Any vessel which was not able to produce an active pressure
equivalent to at least 100 mmHg (approximately 10% of all
vessels mounted) was discarded.

Electrical field stimulation

The mounting supports contained two 200 um thick platinum
electrodes. Each electrode had dimensions of approximately
1 X 2 mm and was fixed in a plane perpendicular to the plane
containing the wires and about 800 pm from the nearest wire
(Angus et al., 1988). Square wave field pulses were passed
between the electrodes in a monophasic manner, either con-
tinuously or intermittently.

Continuous field stimulation studies were carried out at the
Institute of Pharmacology, University of Aarhus, Denmark.
The current was controlled with a battery driven, low-output-
resistance stimulator (Biophysics Institute, University of
Aarhus, Denmark) and the pulses were monitored with a
two-channel oscilloscope. Two frequency-response curves
(FRCs) were generated at 12 V and a pulse width of 0.3 ms,
starting at 0.5 Hz, and increasing the frequency until a
plateau was reached. In preliminary studies it was found that
the response to 8 Hz was near to maximal. Stimulation at
frequencies in excess of 8 Hz decreased responses of subse-
quent frequency-response curves and so was not used. In the
1 h interval between the two FRCs, the vessels were challenged
three times, once every 15 min with 10 uM noradrenaline for
2 min. The first FRC was always generated in the absence of
drugs, whereas the second FRC was performed either (a) in
the presence of prazosin alone («;-adrenoceptor antagonist),
(b) in the presence of rauwolscine alone (x,-adrenoceptor
antagonist), (c) in the presence of the two antagonists in
combination, (d) in the presence of tetrodotoxin (1 uM), or
(e) in the absence of any drugs (i.e. time-control curves).
When antagonists were used, the arteries were preincubated
for 15min with the drugs which remained in the solution
during generation of the second FRC; for TTX, however,
preincubation lasted for 1 h. Vessels failing in the first FRC
to produce more than 10% of the response to exogenously
applied noradrenaline were excluded from the study (12% of
the arteries exposed to continuous field stimulation).

Intermittent field stimulation studies were carried out at
the Department of Clinical Pharmacology, St. Mary’s Hos-
pital, London. The stimulation parameters were controlled
with a Grass S48 stimulator and the pulses monitored on an
oscilloscope (Solartron). Complete sensitivity of field
stimulation-evoked responses to TTX was ensured in each
vessel prior to stimulation: after 10 min preincubation with
1 uM TTX, the voltage was adjusted for each artery to the
highest value (5-9 V) where contractile responses due to
direct stimulation were absent. TTX added at the start of
each experiment had no effect on the ability of the vessels to
contract to exogenously applied noradrenaline. TTX was
then washed out over 1h whilst exposing the vessels three
times to noradrenaline every 15 min to determine viability
and maximal adrenergic activity. Following washout, field
stimulation (pulse width 0.3 ms) was applied intermittently at
16 Hz for 5s every 2 min for 50 min. Stable responses were
obtained within 10 min and, unless time-control experiments
were performed, three cumulative concentrations of either an
a,-adrenoceptor agonist (rauwolscine or yohimbine) or an
a,-adrenoceptor antagonist (prazosin or doxazosin) were then
introduced into the bath 20, 30 and 40 min, respectively,
after starting intermittent stimulation. In five arteries stimula-
tion was continued for an extra 10 min to enable prazosin
and rauwolscine to be introduced into the bath in combina-
tion.

Statistics

Values are expressed as mean * s.e.mean. Based on results
from the intermittent stimulation studies, ICs, values, i.e. the
antagonist concentration needed to inhibit 50% of the re-
sponses, were calculated by linear interpolation. Statistical
differences between two means were determined by a two-
tailed, paired Student’s ¢ test and, when multiple comparisons
were made, the Bonferroni procedure. The nominal level of
significance was set at P = 0.05.

Drugs and solutions

The composition of the physiological saline solution (PSS)
was (mM): NaCl 119, KCl 4.7, CaCl,.2H,0 2.5, MgS0O,.7H,0
1.17, NaHCO; 25, KH,PO, 1.18, Na,EDTA 0.026 and glu-
cose 5.5, bubbled with 95% O, and 5% CO,. Noradrenaline
bitartrate, prazosin HCl, and tetrodotoxin were obtained
from Sigma Chemical Co. (U.S.A.). Doxazosin-HCl was a
gift from Pfizer, U.K. Rauwolscine HCI was obtained from
Research Biochemical Inc. (U.S.A)).

Results

Continuous stimulation

A sample trace is shown in Figure la. In the absence of any
drugs, stable tone in response to stimulation was observed to
occur more rapidly at higher than at lower frequencies. The
maximum response obtained with the first control FRC
(usually at 8 Hz) was equivalent to 47 * 5% (78 vessels) of
the response to 10 uM noradrenaline applied exogenously.
The size of the maximum response to continuous stimulation
was quite variable, however, and no relationship with artery
calibre was found (Figure 1b).

In the absence of any drugs, the maximum response of the
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Figure 1 The upper panel (a) shows the response to exogenously
applied noradrenaline (NA, 10 uM) and to continuous nerve stimula-
tion at increasing frequencies (0.5-8 Hz). The lower panel (b) shows
the individual points and regression line of the maximum response to
continuous nerve stimulation as a percentage of the response to
exogenously applied noradrenaline (10 um) plotted against nor-
malised internal diameter (1,9, see Methods).
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second FRC was 108 £ 12% (n =8) of the maximum re-
sponse of the first FRC (Figure 2a). This response was
almost totally inhibited by 1 uM TTX (Figure 2b).

Preincubation of vessels with prazosin (100 nM) reduced
responses over the frequency range 4-8 Hz and significantly
inhibited the maximum response to continuous stimulation
by 63 £ 7% (Figure 3a). At a higher concentration, prazosin
markedly reduced responses over the frequency range 2—8 Hz
and significantly inhibited the response to continuous
stimulation at 8 Hz by 74 £ 7% (Figure 3b).

The effect of rauwolscine (100 nM) on the frequency-
response relationship was less marked; rauwolscine caused a
small reduction in the response to continuous stimulation
over the range 4-8 Hz (Figure 3d). Only the inhibition of
response to stimulation at 8 Hz (36 * 6%) differed signifi-
cantly from control. A higher concentration of rauwolscine
(1 pM) produced more pronounced inhibition of responses
across the range of frequencies used (Figure 3e), reducing the
response to stimulation at 8 Hz by 68 £ 5% (P <0.05).

Prazosin (100 nM) and rauwolscine (100 nM) in combina-
tion significantly, but not completely, inhibited the
neurogenic response (Figure 3c), leaving 48 + 8% of the first
FRC at 8 Hz. At higher concentrations, rauwolscine (1 pM)
and prazosin (1 pM) in combination caused near complete
inhibition of the neurogenic response (Figure 3f).

Intermittent stimulation

Figure 4 shows a sample trace of contractile responses to
intermittent stimulation and the effect of adding increasing
concentrations of rauwolscine to the bath. Both prazosin
alone and rauwolscine alone caused significant inhibition of
the contractile responses to intermittent stimulation in a
concentration-dependent manner (Figure S5). The ICs, values
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Figure 2 (a) Two consecutive frequency response curves (FRCs) in
response to continuous field stimulation and in the absence of drugs
(12 vessels), (O) first FRC; (O) second FRC. Error bars have been
omitted for clarity in this panel, but did not exceed 9% of the
maximum response. In (b), the effect of tetrodotoxin (TTX 1 um) on
the second FRC (M, 8 vessels) is shown. All responses are expressed
relative to the response at 8 Hz of the first FRC as arithmetic means
(£ s.e.mean, vertical bars); *response of second FRC significantly
different from response of first FRC.
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Figure 3 The effects of prazosin (Prz) and rauwolscine (Rwl) alone
and in combination on responses to continuous nerve stimulation.
The panel shows contractile responses of the first frequency response
curve (FRC) (x) and the effects on the second FRC of: (a) 100 nM
prazosin alone (O, 6 vessels), (b) 1uM prazosin alone (H, 10
vessels), (c) 100 nM prazosin and 100 nM rauwolscine in combination
(0, 10 vessels), (d) 100 nM rauwolscine alone (O, 8 vessels), (€) 1 uM
rauwolscine alone (@, 12 vessels), and (f) 1 pM prazosin and 1pm
rauwolscine in combination (@, 14 vessels). All responses are ex-
pressed relative to the maximum response at 8 Hz of the first FRC as
arithmetic mean (% s.e.mean, vertical bars); *response of second
FRC significantly different from response of first FRC.
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Figure 4 Trace showing contractile responses of human isolated

resistance arteries to intermittent field stimulation and the effect of
cumulatively adding increasing concentrations of rauwolscine (Rwl).

for prazosin (5 vessels) and rauwolscine (5 vessels) were
3.7% 1.5nM and 12 1.3 nM, respectively. Prazosin (100 nM)
inhibited the response to intermittent stimulation by 78 * 6%
and rauwolscine (100 nM) inhibited the response to intermit-
tent stimulation by 86 £ 7%. Similar results were also
obtained in other studies using yohimbine, (ICs, = 12 £ 1 nM,
11 vessels) and doxazosin (ICso=5%2nM, 9 vessels) as
selective a,- and o,-adrenoceptor antagonists respectively
(Parkinson et al., 1991). Prazosin and rauwolscine in com-
bination (each at 100 nM) caused marked inhibition of the
response to intermittent stimulation leaving only 7.0 £ 2.6%
of the response.
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Figure 5 The inhibition of the responses to intermittent field
stimulation produced by prazosin (Prz) and rauwolscine (Rwl). The
panels show the effects of antagonists at concentrations of (a) 1 nM,
(b) 10 nM, and (c) 100 nM. All responses are expressed relative to the
responses obtained in the 10 min stimulation period preceding the
addition of drugs as arithmetic mean ( s.e.mean, vertical bars).

Time-control responses are shown by open columns . *Significant
reductions in relative response.

Discussion

These studies demonstrate that electrical field stimulation
causes contraction of isolated subcutaneous resistance
arteries. The sensitivity to TTX and the near total inhibition
of the responses to field stimulation by prazosin and rauwol-
scine in combination imply that the responses to field stimul-
ation were due to activation of perivascular sympathetic
nerves.

Previous studies in situ of resistance arteries from rat
skeletal muscle (Boegehold & Johnson, 1988; Ohyanagi et al.,
1991) have shown inverse relationships between resistance
artery diameter and sensitivity to sympathetic nerve stimula-
tion, and the large variability in the maximum response to
continuous nerve stimulation (Figure 1b) could be due to
differences in innervation density of the vessels. This varia-
tion was apparently not dependent on vessel calibre (Figure
1b) and alternatively, the variability may be due to different
degrees of degeneration of nerve terminals during transporta-
tion, dissection and mounting, since responses to exogenously
applied noradrenaline did not show noticeable variation.

The sensitivity of the neurally evoked contractile responses
of human subcutaneous resistance arteries to prazosin and
rauwolscine suggests that the responses are mediated by both
o;- and a,-adrenoceptors. This conclusion depends, however,
on the selectivitiess of prazosin and rauwolscine for
a-adrenoceptor subtypes in this tissue. Prazosin has a much
higher affinity for «,- than for a,-adrenoceptors (Cubeddu,
1988) and earlier work in the same arteries from the same
source as used in this study has shown that responses to the
o;-adrenoceptor agonist, phenylephrine, are antagonized
competitively by prazosin (Nielsen er al., 1990) and that
responses to the selective a,-adrenoceptor agonist B-HT 933
(Timmermans & Van Zwieten, 1980) are unaffected by 1 um

prazosin. These findings indicate that prazosin at concentra-
tions up to 1 uM is selective for a;-adrenoceptors in human
subcutaneous resistance arteries. Rauwolscine is generally
accepted to be a selective antagonist for «,-adrenoceptors
(Weitzell et al, 1979) and rauwolscine competitively
antagonizes responses to B-HT 933 in human subcutaneous
resistance arteries with a potency similar to that described in
other preparations (pA, 7.6, Nielsen unpublished data). We
have no data regarding the «,-antagonist properties of
rauwolscine in human resistance arteries, but in other species
these are generally seen at concentrations above or around
1 puM (Wilson et al., 1991). At the lower concentrations used
in this study, prazosin (100 nM) and rauwolscine (100 nM)
can probably be considered selective for a;- and a,-adreno-
ceptors, respectively. However, although the higher concen-
tration of prazosin used in these studies can also probably
be regarded as selectively antagonizing «,-adrenoceptor-
mediated responses, 1 uM rauwolscine is likely to show
significant a,-adrenoceptor antagonist properties and the
effects of the drug at this higher concentration should not be
attributed solely to a,-adrenoceptor antagonism. Bearing this
in mind it is noticeable that the effects of prazosin and
rauwolscine appear to differ when continuous and intermit-
tent stimulations are compared. Prazosin (100 nM and 1 puM)
produced marked inhibition of contraction induced by con-
tinuous stimulation across the range of frequencies used in
this study. In contrast, 100 nM rauwolscine had a much less
marked effect on tone induced by continuous stimulation and
only significantly reduced the response at the highest fre-
quency. Although 100 nM rauwolscine may not be sufficient
to abolish a,-adrenoceptor-mediated responses completely,
we would suggest that the more profound effect of 1puM
rauwolscine may represent «,-adrenoceptor antagonism by
this drug. This seems to be borne out when these results are
compared with the findings using intermittent stimulation. In
this case both prazosin and rauwolscine (10 and 100 nM)
caused marked inhibition of the response to field stimulation
at concentrations that are probably selective for «;- and
a,-adrenoceptors, respectively. These findings appear to
indicate that the response to intermittent stimulation involves
postjunctional a,-adrenoceptors to a greater extent than does
the response to continuous stimulation. Others, on the basis
of studies in various species, including man (Timmermans &
Van Zwieten, 1982; Jie et al., 1984) have suggested that
a,-adrenoceptors may be largely located extrajunctionally.
We do not know whether the stimulation modes used in our
studies activate extra- or intrajunctional a-adrenoceptors
predominantly, not to mention possible preferential activa-
tion of prejunctional vs. postjunctional a,-adrenoceptors.
Clearly further work is needed in this context, possibly using
uptake-1 blockers, such as cocaine to increase extrajunctional
‘spillover’, antagonists selective for pre- vs. postjunctional
adrenoceptors, or future highly selective a,-adrenoceptor
antagonists.

It is not possible to estimate the relative contributions of
these receptors to neurally evoked responses accurately, since
concurrent blockade of presynaptic a«,-adrenoceptors by
rauwolscine may enhance neuronal release of noradrenaline.
This action will, if anything, lead to an underestimation of
the contribution by postjunctional a,-adrenoceptors. Even if
the impact of prazosin and rauwolscine were attributed solely
to postjunctional effects, estimation of the relative contribu-
tion of each receptor to the response is difficult as we have
no information on the receptor-occupancy relationships for
the interaction of noradrenaline with either receptor subtype,
or the affinity of noradrenaline for either receptor subtype in
this tissue. Although the relative importance of postjunc-
tional ;- and a,-adrenoceptors to neurally evoked responses
in human subcutaneous resistance arteries cannot be deduced
from our data, the substantial inhibition by both a-adreno-
ceptor antagonists individually suggests an important contri-
bution of both subtypes to neurally evoked responses in these
arteries.
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The innervation of vascular postjunctional «;- and
o,-adrenoceptors varies, as indicated in the Introduction,
from one arterial preparation to another. The postjunctional
a-adrenoceptor stimulated by neurally released noradrenaline
is of the a,-subtype in canine aorta (Bobik & Anderson,
1983), in large arterioles of cremaster skeletal muscle
(Ohyanagi et al., 1991) and in femoral skeletal muscle arteries
of the rat (Medgett & Ruffolo, 1988). In contrast, the
predominant contractile effect of nerve stimulation is
mediated by postjunctional a,-adrenoceptors in terminal
arterioles in rat cremaster skeletal muscle (Ohyanagi et al.,
1991) and in the cutaneous microcirculation of cats (Koss et
al., 1991) and rats (Wilette et al., 1991). These findings
suggest that the importance of postjunctional a,-adreno-
ceptors as mediators of nerve stimulation may increase as
arteries get smaller. Although the suggestion is still
speculative, these considerations emphasise the problems
associated with uncritical extrapolation of the results from
this study to other vascular beds, in particular to arteries
with calibres different from those examined in the present
study. If is of note, however, that postjunctional a,-
adrenoceptors mediate in part responses to exogenously ap-
plied noradrenaline not only in human subcutaneous resistance
arteries (Nielsen et al., 1990) but also in human resistance
arteries isolated from a variety of other vascular beds
(Nielsen et al., 1991).

Purinergic transmission has been demonstrated in a variety
of animal blood vessels in vitro (Sneddon & Burnstock, 1984)
and in vivo (Bulloch & McGrath, 1988). In man it has been
suggested that ATP may account for a non-adrenergic com-
ponent of sympathetic transmission in the forearm (Taddei et
al., 1989; 1990). Lower body negative pressure, the stimulus
to sympathetic activation used in these studies, produces an
increase in sympathetic nerve firing similar to the pattern of
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Phenytoin potentiates interleukin-1-induced prostaglandin
biosynthesis in human gingival fibroblasts

*Thomas Modéer, *Gustaf Brunius, *{Mitsuo linuma & **UIf H. Lerner

*Department of Pedodontics, Faculty of Odontology, Karolinska Institute, Box 4064, S-141 04 Huddinge, Sweden;
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1 The effect of phenytoin (PHT) on prostaglandin E, (PGE,) biosynthesis in human gingival fibroblasts
stimulated by interleukin-1 (IL-la, IL-1B) or by tumour necrosis factor « (TNFa) was studied.

2 IL-la (1.5-6.0 ng mi~') and IL-1B (30-300 pg ml~"), dose-dependently, stimulated PGE, formation,
in 24 h cultures, with IL-B being the most potent agonist.

3 PHT (2.5-20pugml~') did not induce PGE, formation itself but potentiated IL-la- and IL-1p-
induced PGE, formation in the gingival fibroblasts in a manner dependent on the concentrations of both
IL-1 and PHT.

4 IL-1B (0.1-1.0 ng ml~") induced release of [*H]-arachidonic acid ([*H}-AA) from prelabelled fibrob-
lasts that was potentiated by PHT (20 pg ml~").

5 TNF-x (=0.01 pgml~') significantly stimulated the biosynthesis of PGE, by a process that was
potentiated by PHT.

6 Addition of exogenous arachidonic acid (AA) (= 1 uM) caused an increase of PGE, formation in the
fibroblasts that was not potentiated by PHT (20 pg mi~1).

7 The results indicate that treatment with PHT results in upregulation of prostaglandin biosynthesis in
gingival fibroblasts challenged with IL-1 or TNFa, at least partly due to enhanced level of phospholipase

A, activity.

Keywords: Interleukin-1; tumour necrosis factor; phenytoin; gingival fibroblasts; prostaglandin E,

Introduction

Phenytoin (PHT) is an anticonvulsant drug causing a number
of side effects including skeletal, endocrine, immunological
and connective tissue disturbances (Reynolds, 1975; Hassell,
1981; Yaari et al., 1986). One of these, gingival overgrowth,
is characterized by an increased amount of non-collagenous
extracellular matrix associated with gingival inflammation
(Nuki & Cooper, 1972; Dahllof et al., 1986). Gingival fibro-
blasts derived from PHT-induced gingival overgrowth are
characterized by an increased synthesis of glycosamino-
glycans (GAGs) compared to fibroblasts derived from nor-
mal gingiva (Dahllof & Hjerpe, 1987). However, the mechan-
ism(s) by which PHT treatment results in gingival over-
growth is still unclear.

Interleukin-la (IL-la) and IL-1B are closely related plei-
tropic cytokines produced in inflammatory lesions, mainly by
macrophages (Dinarello, 1988). IL-la and IL-1f have been
found to stimulate bone resorption as well as prostaglandin
E, (PGE,) formation in bone cells (Gowen & Mundy, 1986;
Lerner et al., 1991) and in several other cells including gin-
gival fibroblasts (Akahoshi et al., 1988; Richards & Ruther-
ford, 1990; Lerner & Modéer, 1991). IL-18 has also been
reported to stimulate the biosynthesis of hyaluronic acid and
proteoglycans in human gingival fibroblasts (Bartold, 1988a,b).

Recently, we demonstrated that gingival fibroblasts isolat-
ed after 9 months of PHT therapy produce much larger
amounts of PGE, and PGI, in vitro when the cells were
challenged with IL-1, as compared to the amounts produced
by cells isolated before the start of the anticonvulsant
therapy (Modéer et al., 1992). The present investigation was
undertaken to study whether addition of PHT to gingival
fibroblasts in vitro results in a similar upregulation of IL-1-
induced prostaglandin biosynthesis.

! Author for correspondence.

Methods

Fibroblast cultures

Cultures of fibroblast cells were established from gingival
biopsies obtained from three individuals (N-21, N-28, N-34),
9 to 11 years of age with no periodontal disease. The plan to
take gingival biopsies was accepted by the Ethical Committee
of Karolinska Institute. Minced pieces of the tissue were
explanted to 25cm? Falcon tissue culture flasks containing
5ml of Eagle’s basal medium (BME) medium. The fibro-
blasts were obtained by trypsinisation of the primary out-
growth of cells as previously described (Modéer ez al., 1982).
The cells were grown in BME medium supplemented with
sodium-glutamine (4 mmol 17'), foetal calf serum (5%),
penicillin (100 iumi~') and streptomycin (100 pg ml~'). The
fibroblasts were incubated at 37°C in a humidified incubator
gassed with 5% CO, in air and routinely passaged using
0.025% trypsin in phosphate-buffered saline (PBS) containing
0.02% EDTA. The cells used for the experiments proliferated
in logarithmic phase between the 8th and 15th passage.

Prostaglandin production

Fibroblasts (2 x 10* cells) were seeded in Linbro multiwell
dishes (24-well plate) in the presence of 5% foetal calf serum
and grown for 48 h at 37°C. Then the cell layers were rinsed
three times with BME medium without serum (37°C). There-
after serum-free BME medium and the test substances
recombinant human IL-1 (a;f) or tumour necrosis factor a
(TNFa) were added in the presence or absence of phenytoin,
5.5-diphenylhydantoin (PHT). At different time points media
were withdrawn, acidified to pH 3.5, frozen and stored at
—20°C. In one series of experiments, the effect of addition of
exogenous unlabelled arachidonic acid (AA) on PGE, bio-



synthesis was tested. In these experiments, the medium was
withdrawn for analysis of PGE, after 24 h.

The amounts of PGE, in the media were determined by
radioimmunoassays with a commercially available kit with
['**I)-PGE, as tracer (Gustafson et al., 1986). After the
experiments, the cells were detached with trypsin-EDTA in
PBS and counted in a haemocytometer.

Analysis of [°H ]-arachidonic acid release

Fibroblasts (2 x 10* cells) were seeded in Linbro multiwell
dishes (24-well plate) in medium containing 5% foetal calf
serum and grown for 24 h at 37°C. Then the cell layers were
rinsed once with serum-free medium and incubated in 0.5 ml
serum-free medium per well containing 1pCiml~' [H}-
arachidonic acid (PHJ-AA). After 24 h, the medium was
withdrawn and the cells washed three times with serum-free
medium (37°C). Subsequently, 0.5 ml HEPES-buffered (20
mmol 1-') media, with different concentrations of IL-18 in
the presence or absence of PHT, was added and the cells
were further incubated for 24 h at 37°C. Samples of the
media were withdrawn and analysed for *H in a scintillation
counter. The *H-activity found in the supernatant represents
free [PH]-AA as well as 3H-labelled metabolites.

Statistics

Student’s ¢ test (two-tailed) was used in the statistical
analysis.

Chemicals

Eagle’s basal medium, sodium-glutamine, foetal calf serum,
penicillin and streptomycin were obtained from Flow labora-
tories, Irvine, Scotland; EDTA, 5.5-diphenylhydantoin and
arachidonic acid from Sigma Chemical Co., St. Louis, U.S.A;
recombinant human interleukin-la and B (specific activity
1.0 X 10 umg~') from Boehringer, Mannheim, Germany;
recombinant human tumour necrosis factor a (specific activ-
ity 2x 107 umg™") from Genzyme, Boston, U.S.A.; PGE,
radioimmunoassay kit and [*H]-arachidonic acid (specific
activity 79.9 Ci mmol~") from Du Pont/New England Nuclear
Chemicals, Germany.

Results

IL-1B, in 24 h cultures, dose-dependently stimulated PGE,
formation in human gingival fibroblasts (Figure 1). Treat-
ment of the cells with PHT (20 pug ml~!) did not affect PGE,
formation. When PHT (20 pgml~!) was added simultane-
ously with IL-1B, the stimulatory effect of IL-18 on PGE,
formation was potentiated (P <0.07) (Figure 1). The syner-
gistic interaction between PHT and IL-18 (300 pgml~') on
PGE, formation in gingival fibroblasts was dependent on the
concentration of the anticonvulsant drug (2.5- 20 pg ml~')
(Figure 2). IL-la (=1.5ngml™"), in 24 h cultures, dose-
dependently stimulated PGE, formation but was considerably
less potent than IL-1B (Figure 3). When the fibroblasts were
treated with IL-la (1.5-6.0 ng ml~') together with PHT (20
pg ml~!), the stimulatory effect of IL-la on PGE, formation
was potentiated (P <0.01) by the anticonvulsant drug (Figure
3). All these experiments were performed with cells isolated
from patient N-21. A similar upregulation of IL-1 («, B)-
induced PGE, formation by PHT was also observed in fibro-
blasts isolated from patients N-28 and N-34 (data not shown).

We have previously reported that the capacity to produce
prostanoids is cell density-dependent (Lerner et al., 1989).
The effect of IL-18 on PGE, formation in fibroblasts was
therefore tested at different cell densities (7.5—30 % 10° cells
cm~2). At all cell densities tested, PHT potentiated IL-18
induced PGE, formation in the gingival fibroblasts (data not
shown).
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Figure 1 Effect of IL-1f (24 h) at different concentrations, in the
absence (open columns) or presence of phenytoin (20 pgml~')
(hatched columns) on prostaglandin E, formation in human gingival

fibroblasts (N-21). Cell density was 1.3 x 10* cells cm~2 Mean value
of triplicates with s.d. shown by vertical bars.
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Figure 2 Effect of phenytoin (24 h) at different concentrations on
prostaglandin E, formation in gingival fibroblasts (N-21), in the
absence (open columns) or presence of (interleukin-1p) (IL-18, 300 pg
ml~") (hatched columns). Cell density was 1.2 X 10* cells cm~2. Mean
value of triplicates with s.d. shown by vertical bars.

In another series of experiments, the fibroblasts (N-21)
were treated with TNFa (0.01-0.1 ugml~') for 24 h, in the
presence or absence of PHT (20 pg ml~!). The TNFa-induced
PGE, formation in fibroblasts was also potentiated (P <0.01)
by the anticonvulsant drug (Figure 4).

In a previous paper, we have shown that the capacity of
IL-1B to stimulate PGE, formation in human gingival fibro-
blasts may, at least partially, be due to an enhanced release
of arachidonic acid (Lerner & Modéer, 1991). We therefore
studied whether PHT may potentiate IL-1B-induced release
of [PH)-AA from prelabelled fibroblasts. The cytokine IL-18
(=0.1 ngml~"), in agreement with previous findings (Modéer
et al., 1992) caused a dose-dependent, significant (P <<0.05)
increase in the release of [PH}-AA (Figure 5). When PHT
(20 pg ml~') was added simultaneously with IL-18 (= 0.3 ng
ml~!) the anticonvulsant drug potentiated (P <0.05) the IL-
1B-induced release of [PH}]-AA (Figure 5). When PHT was
added in the absence of IL-1p, the drug itself did not increase
the release of PH]-AA from the prelabelled fibroblasts.



5§76  T. MODEER et al.

60-
»
@ 504
o
(")D * %
g 40+
~N
w
c
5 30
c
% ¥* % ¥
% 20
2
a

10

S - 1
Controls 1.5 3.0 6.0

Interleukin-la (ng mI~")

Figure 3 Effect of interleukin-la (IL-1a; 24 h) at different concen-
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(20 pg m1~") (hatched columns), on prostaglandin E, formation in
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Figure 4 Effect of tumour necrosis factor & (TNFa; 24 h) at differ-
ent concentrations, in the absence (open columns) or presence of
phenytoin (20 pg ml-') (hatched columns), on prostglandin E, for-
mation in human gingival fibroblasts (N-21). Cell density was 1.3 X
10* cells cm~2. Mean value of triplicates with s.d. shown by vertical
bars.

In one series of experiments we also examined the effect of
addition of different concentrations of exogenous non-labelled
AA upon the biosynthesis of PGE, in gingival fibroblasts in
the presence or absence of PHT. In the absence of PHT,
exogenous AA (>> 1.0 uM) caused a dose-dependent increase
in PGE, formation (Figure 6). Addition of AA in the
presence of PHT (20 pg ml~') did not result in an increased
PGE, formation in 24 h cultures of fibroblasts compared to
the cultures not treated with PHT (Figure 6).

Discussion

In agreement with previous observations (Lerner & Modéer,
1991; Modéer et al., 1992) we have found that IL-la and
IL-1B, in 24 h cultures, dose-dependently stimulate PGE, for-
mation in human gingival fibroblasts, with IL-18 being the
more potent agonist. The novel finding in the present study is
that the anticonvulsant drug PHT, which by itself does not
affect prostanoid biosynthesis, potentiates IL-la- and IL-1p-
induced PGE, biosynthesis in human gingival fibroblasts in

vitro. The PHT-induced upregulation of PGE, formation was
seen in cells challenged not only with IL-la and IL-18 but
also with TNFa indicating that the level of upregulation of
prostaglandin biosynthesis is not related to receptor number
or receptor affinity of IL-1 but rather a step distal to receptor
ligand interaction.

Recently we have shown that gingival fibroblasts isolated
after 9 months of PHT therapy produce much larger
amounts of PGE, and PGI, irn vitro as compared to the
amounts produced by fibroblasts isolated before the treat-
ment with the anticonvulsant drug (Modéer et al., 1992). The
data in the present paper demonstrate that the effect on
fibroblast prostaglandin production caused by treatment with
the anticonvulsant drug also can be seen by direct addition of
PHT to fibroblasts isolated from untreated subjects.

The upregulation of PGE, formation in gingival fibroblast
in the presence of PHT is probably, at least to some extent,
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Figure 5 Effect of interleukin-18 (IL-1B; 24 h) at different concentra-
tions, in the absence (open columns) or presence of phenytoin (20 pg
ml~') (hatched columns), on the release of [*H]}-arachidonic acid
(PH]-AA) and *H-labelled metabolites from gingival fibroblasts (N-
21) prelabelled with [*H]-AA (1 pCi ml-'). Cell density was 1.2 x 10*
cells cm~2. Mean value of triplicates with s.d. shown by vertical bars.
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on the prostglandin E, formation in human gingival fibroblasts
(N-28). Cell density was 1.0 X 10* cells cm~2 Mean value of triplic-
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due to an increased phospholipase A, (PLA;) activity, result-
ing in increased release of arachidonic acid. This assumption
is based on the findings that IL-1-induced significantly higher
release of [PH]-AA in the presence of PHT. The enhancement
of PLA,; activity also seems to occur as a consequence of
PHT medication since we earlier demonstrated that the
release of [PHJ-AA was significantly higher in fibroblasts
isolated during PHT medication in comparison to the level in
gingival fibroblasts isolated before the start of the PHT
therapy (Modéer et al., 1992). The enzyme PLA, is calcium
ion-dependent and may be influenced by the anticonvulsant
drug, since we have reported that PHT affects the intracel-
lular calcium ion level in gingival fibroblasts in vitro (Modéer
et al., 1991).

Addition of exogenous AA to the gingival fibroblasts
results in enhanced PGE, formation. When the cells were
treated with exogenous AA and PHT simultaneously, the
PHT-treated cells did not produce larger amounts of PGE,
than the fibroblasts in the absence of PHT. This finding
indicates that the upregulation of the IL-1-induced PGE,
formation seen in the presence of PHT is not due to
upregulation of cyclo-oxygenase activity but to enhancement
of PLA, activity.

However, we found earlier that an enhanced level of cyclo-
oxygenase activity also contributes to the upregulation of
PGE, formation, found in fibroblasts isolated during PHT
medication (Modéer et al., 1992). This indicates that upregu-
lation of cyclo-oxygenase activity by PHT may require long
term exposure to the drug or that a metabolite of PHT rather
than the drug itself may be involved in the stimulation of
cyclo-oxygenase.

The PHT-induced potentiation of IL-1 induced release of
PH]J-AA in the fibroblasts is less than would be expected
compared to the large degree of PHT-induced enhancement
of IL-1-stimulated PGE, biosynthesis. This discrepancy may
indicate that PHT also affects the metabolism of other meta-
bolites of arachidonic acid (thus favouring PGE, biosyn-
thesis) or that the drug may inhibit the degradation of PGE,.
Another possibility could be that PHT affects the reacylation
of arachidonic acid. The fact that PHT did not potentiate
TNFa-induced PGE, formation as much as IL-1-induced
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PGE, biosynthesis argues against the view that PHT affects
arachidonic acid metabolism at several levels. Rather, the
preferential large degree of upregulation of IL-1-induced
PGE, biosynthesis indicates that PHT specifically potentiates
the mechanism of action for IL-1-induced PGE, formation.

Our observations in the present study are in contrast to a
report by Katsumata and co-workers who showed that PHT
inhibits the production of 6-keto-PGF,,, the stable metabolite
of prostacyclin, in mice thymocytes (Katsumata et al., 1982).
We do not have any simple explanation for the conflicting
results although the discrepancy may be due to species or cell
type differences.

Whether the upregulation of prostaglandin synthesis induc-
ed by PHT plays an important role in the pathogenesis of the
drug-induced gingival overgrowth is so far unclear. The con-
sequence of the upregulation of prostaglandin formation
in gingival fibroblasts due to PHT on extracellular matrix
synthesis should be further studied, since it has been reported
that hyaluronic acid synthesis as well as GAGs synthesis in
fibroblasts may be regulated by PGE, (Bartold, 1988a; Kar-
linsky & Goldstein, 1989). This is specially relevant in light
of earlier reports showing that PHT-induced gingival over-
growth represents a tissue with an increased amount of
hyaluronic acid as well as of GAGs as compared to normal
gingival tissue (Dahllof ez al., 1986).

It has been reported that the cyclo-oxygenase inhibitor,
acetylsalicylic acid, reduces the incidence of foetal cleft palate
in CD-1 mice treated with PHT (Wells et al., 1989). In
animals treated with both PHT and 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) the anticonvulsant drug-induced
embryopathy was enhanced, indicating that protein kinase C
may be involved in the potentiation (Wells & Vo, 1989).

In conclusion, this study demonstrates that PHT poten-
tiates the prostaglandin biosynthesis in gingival fibroblasts,
challenged with IL-1 or TNFa, partly due to enhanced PLA,
activity.
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Endothelin-1 inhibits PAF-induced paw oedema and pleurisy in

the mouse
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1 The current study analyses the effects of endothelin-1 (ET-1) on paw oedema and pleurisy induced
by platelet activating factor (PAF) and other inflammatory agents in the mouse.

2 Combined subplantar injection of ET-1 (0.5 pmol/paw) did not modify oedema caused by histamine
(1 to 100 pmol/paw), S-hydroxytryptamine (1 to 100 pmol/paw) or bradykinin (1 to 100 nmol/paw) but
markedly inhibited the response to PAF (0.95 to 3.8 nmol/paw). The selective action of ET-1 against
PAF-induced (1.9 nmol/paw) oedema was dose-dependent, reaching a maximum at 0.5 pmol/paw and
lasted up to 2 h.

3 ET-1 (0.5 pmol/paw) also inhibited paw oedema (3-4h) caused by zymosan (500 pg/paw). In
contrast, it did not modify either the early (1-4h) or late (48-72h) phases of the oedematogenic
response to carrageenin (300 pg/paw), when given either together with or 24 h after the carrageenin.
4 Intrathoracic injection of PAF (1.9 nmol/cavity) induced pleurisy characterized by an increase in
pleural exudate volume, and in accumulation of Evans Blue which was maximal at 30 min and lasted up
to 4h. When injected together with PAF, ET-1 (0.5 pmol/cavity) virtually abolished PAF-induced
pleurisy.

5 It is concluded that ET-1 is a potent inhibitor of PAF-induced inflammation in the mouse. Its
mechanism of anti-inflammatory action in this species, in contrast to what has been found in other
species, does not appear to derive from its potent vasoconstrictor properties as ET-1, at the doses used,

failed to affect oedematogenic responses to other inflammatory mediators.
Keywords: Endothelin-1; mouse, paw oedema; pleurisy; inflammation; zymosan; carrageenin; histamine; 5-hydroxytryptamine;

bradykinin

Introduction

The vascular endothelium can exert an important modulatory
role on blood vessel tone by releasing vasoactive substances,
such as prostacyclin (Moncada & Vane, 1979) and endothe-
lium-derived relaxing factor (Furchgott & Zawadski, 1980),
the latter recently identified as nitric oxide (Palmer et al.,
1987). Production of endothelium-derived contracting factors
(EDCFs) has also been detected in response to certain stimuli
(Rubanyi, 1988). One such EDCF, endothelin-1 (ET-1), has
been isolated from the culture supernatant of porcine aortic
endothelial cells and characterized as a 21-residue peptide
with potent and sustained pressor and vasoconstrictor activ-
ities (Yanagisawa et al., 1988). On a molar basis, ET-1 is at
least 10 fold more potent than other known vasoconstrictors
in constricting isolated rings of porcine coronary artery. It is
now clear that ET-1 belongs to a family of peptides which
also includes ET-2, ET-3 (Inoue et al., 1989), ‘vasoactive
intestinal contractor’ (Ishida er al., 1989) and the sarafotox-
ins present in venom of Atractaspis engaddensis (Kloog et al.,
1988).

Besides its potent vasoconstrictor action on both arterial
and venous conductance vessels (Yanagisawa et al., 1988; De
Nucci et al., 1988), ET-1 can also affect smooth muscle tone
in the microvasculature. It is a powerful constrictor of rat
mesenteric arterioles and venules in vitro (Warner, 1990) and
in vivo (Fortes et al., 1989a) and of arterioles of the hamster
cheek pouch (Ohlén et al., 1989), rabbit tenuissimus muscle
(Ohlén et al., 1989) and skin (Brain et al., 1988), porcine pia
matter (Armstead et al., 1989) and human skin (Brain et al.,
1989) in vivo. Moreover, ET-1 was found to constrict mesen-
teric lymphatic vessels in the anaesthetized rats (Fortes et al.,

! A-+har for correspondence.

1989b). Hence, ET-1 may be an important regulator of syste-
mic blood pressure and of local haemodynamics.

Possibly because of its vasoconstrictor properties, ET-1
also inhibits plasma extravasation induced in rat skin by
intradermal injection of the inflammatory mediators S-hydro-
xytryptamine (5-HT), histamine, bradykinin (BK), and plate-
let activating factor (PAF) and of the vasodilatation induced
by nitric oxide and nitroprusside (Chander et al., 1988).
When given intradermally together with BK or the chemotac-
tic peptide N-formyl-methionyl-leucyl-phenylalanine (FMLP)
into rabbit dorsal skin, ET-1 dose-dependently reverses the
increased extravascular accumulation of radiolabelled albu-
min potentiated by calcitonin gene-related peptide (CGRP;
Brain et al., 1989). The current study reassesses the potential
anti-inflammatory properties of ET-1 in another species, the
mouse, by analysing the effects of the peptide on paw
oedema and pleurisy induced by several mediators and phlo-
gistic agents. We have found that, in contrast to the results
obtained in other species, ET-1 exhibits a selective action
against PAF-induced vascular leakage in the mouse.

Methods

Mice (20-25 g) of either sex from our own colony of the
Swiss 44 strain were used.

Production of paw oedema

The subplantar surface of one hind paw of mice was injected
with 50 pl NaCl solutions containing one of the following
substances bradykinin (1-100 nmol/paw), 5-HT (1-100 pmol/
paw), histamine (1-100 pmol/paw), PAF (0.9-3.8 nmol/paw),
and zymosan (500 pg/paw) or carrageenin (300 pug/paw). The
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contralateral paw received the same volume of saline (50 ul)
and was used as control.

To assess the anti-oedematogenic activity of ET-1, the
peptide (0.1, 0.25, 0.5 pmol/paw) was given together with
each inflammatory stimulus. The volumes of both hindpaws
were measured with a plethysmograph and oedema was cal-
culated as the volume difference (ul) between control and
mediator-injected paws. Oedema induced by the mediators
was evaluated at the time of peak responses (30 min for PAF;
1 h for 5-HT, BK or histamine), whereas that caused by the
phlogistic agents was determined at several times after injec-
tion (1, 2, 3 and 4 h for zymosan; 2, 4, 24, 48 and 72 h for
carrageenin). Another set of experiments was performed to
determine the time course of the anti-inflammatory effect of
ET-1 against PAF-induced paw oedema. In such experi-
ments, ET-1 (0.5 pmol/paw) was injected into the footpad at
various times before PAF (1.9 nmol/paw) injection. The
contralateral paws were treated simultaneously with an equal
volume of saline (50 pul) to serve as controls.

Induction of pleurisy

Pleurisy was induced by the technique of Spector (1956) as
modified for mice by Henriques et al. (1990). Briefly, an
adapted needle (13 X 5 gauge) was inserted carefully 2 mm
through the parietal pleura into the right side of the thoracic
cavity of mice to enable injection of PAF (1.9 nmol/cavity),
either alone or in combination with ET-1 (0.5 pmol/cavity).
Control animals received an equal volume (50 pl) of sterile
saline only.

Exudate quantification

Mice were injected intravenously with Evans blue 25 mg kg~'
solution 24 h before receiving the intrathoracic injection of
saline, PAF or PAF plus ET-1. The animals were killed at
different times (15—240 min) after injection and their thoracic
cavities were washed with 1 ml saline containing heparin
(10 iu ml~?). The fluid was collected, its volume was measur-
ed and the lipids were extracted by the addition of 1ml
chloroform. After removal of the dye-free pleural wash,
absorbance was read at 600 nm with a Beckman DU-8 spec-
trophotometer. The results on exudate accumulation are
expressed either as the volume of pleural wash or as total
Evans blue (ug) recovered per cavity.

Materials

The following substances were used: ET-1 (porcine endothe-
lin, Peptide Institute Inc., Japan), heparin (Liquemine Roche,
Brazil), Evans blue dye (Merck, Germany), 5-hydroxytrypt-
amine, histamine hydrochloride, zymosan, bradykinin (all
from Sigma, St. Louis, U.S.A.) and hexadecyl PAF (Bachen,
Switzerland).

Statistical analysis

All results are presented as the mean % s.e.mean. The data
were anlaysed statistically by means of Student’s ¢ test for
unpaired samples (Snedecor, 1953) with P< 0.05 considered
significant.

Results

Paw oedema induced by inflammatory mediators

As shown in Figure 1, histamine, 5-HT, BK and PAF each
produced significant dose-related oedema when injected into
the mouse hindpaw. The oedematogenic responses to these
agonists peaked either at 30 (PAF) or at 60 min (5-HT, BK
and histamine) after administration. Simultaneous subplantar
injection of ET-1 (0.5 pmol/paw, which corresponds to

1.25 ng/paw) failed to affect the development of oedema in
response to histamine, 5-HT or BK (Figure la, b and c,
respectively). In marked contrast, the same dose of ET-1
caused substantial inhibition of PAF-induced oedema (Figure
1d). To ensure that these findings were reproducible, the
effects of ET-1 against paw oedema induced by each of the
four mediators were reassessed in two other experiments
(n = 6 for each dose of mediator) and comparable data were
obtained (results not shown).

This selective action of ET-1 against PAF was dose-
dependent as, in another set of mice, ET-1 at 0.1 pmol/paw
was ineffective and at 0.25 and 0.5 pmol/paw the peptide
diminished the oedematogenic response to 1.9 nmol/paw of
PAF from 55.6 X 5.0 ul to 42.6 + 7.8 ul (23.4% of inhibition;
P<0.05) and 22.5 £ 6.2 ul (60.4% of inhibition; P< 0.05),
respectively (n=7 in each group). Responses to PAF
measured 1 h after its injection were also effectively suppress-
ed when the lipid was mixed with ET-1 (results not shown).

Figure 2 illustrates the long-lasting effect of ET-1 against
PAF-induced paw oedema. It is clear that, when injected 2 h
or less before PAF, ET-1 caused significant interval-depen-
dent attenuation of oedema. However, no detectable anti-
inflammatory effect was seen in mice given ET-1 4h or 8 h
before PAF.

Paw oedema induced by zymosan and carrageenin

Zymosan (500 pg/paw) produced an oedematogenic response
which reached a maximum 4 h after injection. Given simul-
taneously with the phlogistic agent, ET-1 (0.5 pmol/paw) did
not change the magnitude of oedema measured 1 or 2 h later.
However, the inflammatory reaction observed at 3 and 4h
after the stimulus was markedly inhibited in ET-1-treated
mice (P< 0.05) as compared to control animals (Figure 3).

As described previously (Henriques et al., 1987), subplan-
tar injection of carrageenin (300 pg/paw) caused a typical
biphasic oedematogenic response in mice, characterized by a
initial peak of low magnitude within 4 h followed by a more
substantial raise in paw volume at 48 and 72 h after adminis-
tration. The response to carrageenin was not influenced by
treatment with ET-1 (0.5 pmol/paw) either together with or
24 h after injecting carrageenin (n = 7; results not shown).
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Figure 1 Paw oedema produced in mice by subplantar injection of
histamine (a), 5-hydroxytryptamine (b), bradykinin (c) or PAF (d),
either alone (O) or mixed with 0.5 pmol/paw of endothelin-1 (@®).
Only peak oedematogenic responses are shown, which occurred
either 1h (a, b and ¢) or 30 min (d) after injection. Oedema is
expressed as the difference between mediator-injected and saline-
injected (control) paws. Each value represents the mean of 7 mice
and vertical lines indicate the s.e.means. *P < 0.05 when compared
to PAF alone (Student’s ¢ test).



100
3
2 1
£ FL
=]
'§ *
*

: 50, s,
8 :
k] *
[}
7]
©
o
£

0- 8h 4h 2h 1h 30 15 5 0Omin

Time after ET-1 pretreatment

Figure 2 Time course of the inhibitory effect of endothelin-1 (ET-1)
against PAF-induced mouse paw oedema. PAF (1.9 nmol/paw) was
injected 5min to 8 h after pretreatment of paws with either saline
(hatched column) or ET-1 (0.5 pmol/paw; open columns). The
amount of oedema caused by simultaneous treatment of PAF plus
ET-1 (0 min) is also shown. Oedema is expressed as the difference
between ET-1-injected and saline-injected paw volumes 30 min after
PAF. Each value represents the mean of 7 mice and vertical lines
indicate the s.e.means. *P < 0.05 when compared to PAF plus saline
(Student’s ¢ test).
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Figure 3 Paw oedema induced in mice by subplantar injection of
zymosan (500 ug/paw) either alone (O) or together with (0.5 pmol/
cavity) endothelin-1 (@). Oedema is expressed as the difference
between volumes of drug-injected and saline-injected paws. Each
value represents the mean of 7 mice and vertical lines indicate the
s.e.means. *P < 0.05 when compared to corresponding value obtain-
ed with zymosan alone (Student’s ¢ test).

Pleural exudation induced by PAF

Intrathoracic injection of PAF (1.9 nmol/cavity) caused a
pronounced increase in pleural exudate volume and in Evans
blue pleural accumulation. This response remained relatively
constant between 15 and 60 min after PAF administration
and decreased thereafter (Figure 4). Mice receiving combined
treatment with PAF plus ET-1 (0.5 pmol/cavity) exhibited
significantly less pleural exudation and Evans blue accumula-
tion at 15, 30 and 60 min than animals injected only with
PAF (P< 0.05, Figure 4).

Discussion

The main finding of this study was that, in the mouse, ET-1
caused a prolonged dose-dependent and reproducible inhibi-
tion of paw oedema induced by PAF, without affecting that
induced by 5-HT, BK or histamine. This selective anti-
inflammatory action of ET-1 contrasts markedly with the
reported nonselective inhibition by the peptide of vascular
leakage induced by all four inflammatory mediators in the

ENDOTHELIN-1 ON PAF-INDUCED INFLAMMATION 581

a
2001
= 1
3
= 150/ /°
£ I
3 o \
S 1001 S
]
3
A
w o ;/‘/.\
0 - v v T
15 30 60 240
Time (min)
b
104
) 1 o)
! o~ ¢
Q
3 \
@
2 o 6
© * * *
@ | T_—_‘l 1
7‘!: ® ® ———e
o
-
o
0

15 30 60 240
Time (min)

4 Pleural exudation stimulated by intrathoracic injection of
PAF (1.9 nmol/paw) either alone (O) or together with (0.5 pmol/
cavity) endothelin-1 (@) in mice. The volume of exudate was quanti-
fied either as pl of pleural wash (a) or by total Evans blue leakage
(ug/cavity) into the pleura (b). The basal values found in control
mice treated only with saline are also shown (O). Each value
represents the mean of 7 mice and vertical lines indicate the
s.e.means. *P < 0.05 when compared to corresponding value obtain-
ed with PAF alone (Student’s ¢ test).

rat skin (Chander et al., 1988; 1990). It is also in contrast to
the report of Brain ez al. (1989) showing that, in rabbit skin,
ET-1 suppressed plasma exudation induced by CGRP in
combination with BK or FMLP. Thus, the selectivity of the
anti-inflammatory actions of ET-1 appears to exhibit con-
siderable species variation.

The mechanism(s) involved in the attenuation by ET-1 of
PAF-induced mouse paw oedema is as yet unclear. However,
it is possible to rule out that such an effect was mediated
solely by microvascular vasoconstriction, as this should have
also affected oedema caused by the other inflammatory
mediators. Moreover, the substantial evidence accumulated
from functional, binding and autoradiographic studies, show-
ing that ET-1 interacts with specific ET-receptors or binding
sites in many tissues (Yanagisawa et al., 1988; Gu et al.,
1989; Davenport et al., 1989) argues against a possible block-
ade of PAF receptors by the peptide.

Because PAF has been proposed as an important mediator
of inflammation induced by zymosan in the rat (Martins et
al., 1989) we also tested whether ET-1 could affect paw
oedema triggered by this agent in the mouse. Though the
peptide did not modify the early stages of the oedematogenic
response (up to 2 h), it significantly depressed the later stages
of the inflammation (3 and 4 h). This result correlates well
with the long-lasting effect of ET-1 against PAF-induced
oedema detected in the time course experiments, and its
sustained pressor action in rats (Yanagisawa et al., 1988).

In contrast, ET-1 failed to affect both the early and late
components of oedema caused by carrageenin. This was a
rather unexpected finding, as paw oedema induced by this
agent in mice has been shown to be sensitive to blockade by
WEB 2170, a selective PAF receptor antagonist (Henriques et
al., 1990). Carrageenin-induced paw oedema in the rat, which
develops much faster (peaking 3 to 4 h of injection) than in
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mice and is mediated to a large extent by generation of
eicosanoids and BK (Crunkhorn & Meacok, 1971; Har-
greaves et al., 1989) but not by PAF (Cordeiro et al., 1986),
has been shown to be inhibited, or at least postponed, by
simultaneous injection of ET-1 (Chander et al., 1990). The
lack of effect of ET-1 against carrageenin-induced oedema in
the mouse may reflect the fact that the biological effect of
ET-1, given at 0 or 24 h, will have declined before full
development of inflammation (48—72 h). Further experiments
should help clarify this issue.

In line with its actions on mouse paw oedema, ET-1 also
caused marked, sustained and dose-dependent suppression of
PAF-induced pleural exudation. Though again the mechan-
ism(s) underlying this effect remains to be established, the
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B-Adrenoceptor agonist stimulation of acid secretion by rat
stomach in vitro is mediated by ‘atypical’ -adrenoceptors

"Paul Canfield & Paraskevas Paraskeva

Department of Physiology & Biophysics, St Mary’s Hospital Medical School, Norfolk Place, London W2 1PG

1 A previous study showed B-adrenoceptor agonists stimulated acid secretion by rat stomach in vitro.
The receptors could not be classed as either the B,- or B,-subtype. This study examines the effect of 2
‘atypical’ B-agonists on acid secretion.

2 Basal and isoprenaline-stimulated acid secretion were compared in tissues bathed either in HEPES/
0,- or HCO3/CO,-buffer. Basal secretion was underestimated in HCO3 by an amount equal to the rate
of base section. Tissues responded well in HEPES buffer and there was no base secretion following acid
inhibition with SCH 28080. HEPES was used for the study.

3 SR 58611A stimulated acid in a concentration-related way (0.1-5 uM). Maximum response at 1 uM
was equal to the response to a maximal concentration of isoprenaline. BRL 37344 (1 puM) also stimulated
to the same extent.

4 Responses to isoprenaline (5 uM) and SR 58611A (1 uM) were reduced by propranolol (10 uM) but
not by alprenolol (10 uM) or by practolol (12.5 uM) plus ICI 118551 (1 uM).

5 Exposure to SR 58611A (1 uM) led to desensitization to isoprenaline but not to bethanechol (1 uMm)
or histamine (50 uM).

6 We conclude that a HEPES/O,-buffer is advantageous when measuring gastric acid secretion in vitro

© Macmillan Press Ltd, 1992

and the stimulatory effect of B-adrenoceptor agonists is mediated by ‘atypical’ receptors.

Keywords:
propranolol; alprenolol; SCH 28080

Gastric acid secretion; ‘atypical’ B-adrenoceptors; stomach in vitro; ‘atypical’ B-agonists; SR 58611A; BRL 37344;

Introduction

Isoprenaline stimulates acid secretion in the rat stomach in
vitro by an action at B-adrenoceptors. These responses were
antagonized by non-selective but not by selective B-
antagonists (Canfield & Price, 1981) suggesting that the
receptors could not be designated as belonging to either the
B,- or PB,-subtypes. A similar lack of effect of selective
B-receptor antagonists has been reported in some adipocytes
(Hollenga & Zaagsma, 1989; Hollenga et al., 1991; Carpene
et al., 1991) and in various gastrointestinal muscle prepara-
tions (Coleman et al., 1987; Bianchetti & Manara, 1990;
MacDonald et al., 1990) and ascribed to the presence of
‘atypical’ p-adrenoceptors. These responded to selective
‘atypical’ agonists such as BRL 37344 and SR 58611A
(Guidice et al., 1989; McLaughlin & MacDonald, 1990). We
now report the effects of these two ‘atypical’ agonists on acid
secretion by rat isolated stomach.

Methods

Preparation

Stomachs were taken from male Wistar rats (30— 50 g) which
had been kept with a lactating female and set up as a flat
sheet tied over a plastic tube with the mucosa facing the tube
lumen as described previously (Canfield & Price, 1981). The
mucosal surface was bathed with 5 ml of solution containing
(in mM): NaCl 136, KC1 5, MgSO, 1.2, CaCl, 2.4 and glucose
11.7, gassed with 100% O,. The tube was suspended in a
bath containing 30 ml of a similar solution in which either
26 mM NaHCO; or 10 mM HEPES replaced an equivalent
amount of NaCl and maintained at 36°C. The HCOj3-con-
taining saline was gassed with 95% O,/5% CO, and the
HEPES with 100% O,; both having a pH of 7.4.

! Author for correspondence.

Measurement of secretion

The mucosal saline was changed every 15 min throughout the
experiment and acid secretion assessed by back-titration with
5 mM NaOH by use of an autotitrator system (ABU 80,
Radiometer, Copenhagen). During titration at room
temperature the solution was continually gassed with 95%
0,/5% CO,. The titration end point was determined as that
pH obtained when a sample of mucosal saline taken directly
from the stock reservoir was similarly gassed and was
rechecked several times during the experiment. The method
was validated by adding known amounts of HCI to 5ml of
mucosal saline, equivalent to the amounts produced by the
tissues. A linear regression of the amount of HCI estimated
by titration on the amount added gave a correlation
coefficient of 0.9952 (n =6) with a slope of 0.860. This
technique is analogous to that used previously to measure
bicarbonate secretion (Canfield, 1991) and was adopted
because some parts of the study required sequential measure-
ment of both acid and base secretion in the same tissues
(with Sml HCI titrant).

Expression of results

Acid secretion is expressed either as pmol cm~?h~! or as the
secretory ratio = (plateau response to drug/preceeding basal
secretion) as used in the earlier study (Canfield & Price, 1981)
and values are mean f s.e.mean with » as the number of
tissues. Means were compared by either the paired or unpaired
t test as appropriate and values of P <0.05 were taken as
indicating a significant difference between means.

Materials

The following were obtained from Sigma (Poole, Dorset);
isoprenaline, propranolol and alprenolol. Other compounds
were supplied as gifts for which we are grateful: practolol,
ICI 118551 (erythro-(*)-1-(7-methylindan-4-yloxy)-3-isopro-
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pylaminobutan-2-ol; ICI Pharmaceuticals, Cheshire), BRL
37344 (sodium-4{2[2-hydroxy-2(3-chlorphenyl)ethylamino] pro-
pyllphenoxyacetate; SmithKline Beecham, Great Burgh),
SR 58611A (N-[(2R)-7-hydroxy-1,2,3,4-tetrahydronapth-2-yl]-
(2R)-2-hydroxy-2-(3-chlorphenyl)  ethanol  hydrochloride;
Sanofi Recherche, Milan, Italy), SCH 28080 (2-methyl-8-
(phenylmethoxy)imidazol[1,2-a]pyridine-3-acetonitrile; Kirby-
Warrick Pharmaceuticals, Bury St Edmunds, Suffolk). Drugs
were made up freshly in saline (except SCH 28080 which was
dissolved in ethanol) as required and added to the serosal side
of the preparation.

Results

Choice of serosal buffer

In previous studies from this laboratory using this preparation
the serosal solution was always buffered with HCO3/CO,. It is
likely that acid output was underestimated as a result of
being partly neutralised by bicarbonate secreted by surface
cells of the stomach (Flemstrom, 1987). To avoid this possi-
bility we have used a HEPES/O, buffered serosal saline in the
present study. It was therefore necessary to compare the
preparation in this buffer with previous work in HCO3/CO..
Basal secretion of acid in the HEPES-buffered tissues was
well maintained; 1 h into the experiment it was 1.70 + 0.80
and at 6h 1.9 % 0.13 umolcm~2h~! (n = 6). Addition of the
proton pump inhibitor SCH 28080 (50 pM) at the peak of
response to isoprenaline (5puM; 3.75% 0.25umolcm~2h-!)
abolished acid secretion in all 6 tissues after 75 min. With
HEPES as serosal buffer, there was no net alkaline secretion
following complete inhibition of acid output which contrasts
with the effect of SCH 28080 in HCO3-buffered serosal saline
shown in Figure 1 described below. We made the following
predictions for the HEPES-buffered tissue compared with
HCOs3-buffered; basal secretion would be higher, the increase
in secretion in response to isoprenaline would be the same
and consequently the response expressed as secretory ratio
would be less. The change in basal acid secretion going from
HEPES to HCOj3 buffer should be the same as the measured
rate of alkalinisation following total inhibition of acid output
with SCH 28080. These predictions were tested experiment-
ally and the results are shown in Figure 1. Basal acid in
HEPES was significantly greater than in HCO3 (1.98 + 0.23
and 0.76 £ 0.07 umolcm~2h~!, n =6). Response to iso-
prenaline (5uM) in HEPES was not different from HCO3
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Figure 1 Effect of changing from a HEPES/O,- to a HCO3/CO,-
buffered (both pH 7.4) serosal saline on basal and isoprenaline
(Isop)-stimulated (5pM) acid secretion by rat stomach in vitro.
Subsequent addition of the proton pump inhibitor SCH 28080
(50 puM) abolished acid secretion and revealed a net secretion of base
(shown as — ve scale). Values are mean with s.e.mean shown by
vertical bars, n = 6.

(1.21 £ 0.15 and 1.57 £ 0.16 pmol cm~%h~') but expressed as
the secretory ratio, the HEPES value was lower (1.44 £ 0.17
and 1.95 0.1) due to the greater rate of basal secretion in
HEPES.

The change in basal secretion going from HEPES to HCO3
(1.22 £ 0.28 pmolcm~2h~!') was not different from the rate
of alkalinisation measured in the presence of SCH 28080
(1.12 £ 0.12 pmol cm~2 h~'). Responses to repeated stimula-
tion with isoprenaline were well maintained in the HEPES
buffer as shown in Figure 2. All subsequent results refer to
studies using the HEPES/O,-buffered saline.

Effect of SR 586114

Each stomach was first exposed to isoprenaline (5pum) for
60 min; this was washed out and when acid had returned to a
steady rate (usually 60 min), SR 58611A was added at one of
the selected concentrations (0.1-5uM). When the peak re-
sponse had been obtained (60-75min) SR 58611A was
washed out and isoprenaline (5puM) was added again. The
concentration-response data for SR 58611A is shown in
Figure 3. The maximum response was at 1uM and the
secretory ratio was 1.47 * 0.03 (n = 4) whilst the response to
the initial isoprenaline for all tissues used in the curve was
1.46 £ 0.07 (n = 24).
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Figure 2 Repeated stimulation of acid secretion with isoprenaline
(5 pM) (Isop) in rat stomach bathed with HEPES/O, buffered serosal
saline in vitro. Values are mean with s.e.mean shown by vertical bars,
n==6.
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Figure 3 Concentration-response curve for the stimulatory effect of
the ‘atypical’ -adrenoceptor agonist, SR 58611A, on acid secretion
by rat stomach in vitro bathed in HEPES/O, buffered serosal saline.
Data shown as secretory ratio (plateau response to drug/preceding
basal secretion). Each tissue was first exposed to isoprenaline (5 um)
(Isop) for 60 min and, after washout, to one concentration of
SR 58611A (60—75 min). Values are mean with s.e.mean shown by
vertical bars, n = 4. The mean value for all the initial isoprenaline
responses is also shown (n = 24) for comparison.
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In a separate experiment in HCOj3/CO,-buffered serosal
solution containing SCH 28080 (50 uM), the rate of bicar-
bonate secretion was 1.31 £ 0.09 and, following exposure to
SR 58611A (1puM), was 1.38t0.14pmolcm™2h~! (n =6)
showing that there was no effect of SR 58611A on alkaline
secretion. Similar results were obtained with isoprenaline
(5 uM, data not shown).

Effect of B-antagonists

The effects of pretreatment of tissues with either propranolol
(10 uM), alprenolol (10 uM) or a combination of ICI 118551
(1 uM) plus practolol (12.5uM) for 60 min was compared
with control tissues that had not received antagonist. Tissues
were exposed first to isoprenaline (5 uM) and subseqgeuntly to
SR 58611A (1 uM) as above and the results are shown in
Table 1. Only propranolol resulted in a significant inhibition
of response to either agonist.

Desensitization following SR 58611A

It was apparent from the initial concentration-response
studies that the response to isoprenaline following
SR 58611A was much lower than the initial isoprenaline
response, a situation not seen with repeated isoprenaline
stimulation (Figure 2). We therefore carried out an experi-
ment where all tissues were first exposed to isoprenaline
(5 uM), then to SR 58611A (1 uM) as before and finally to
either isoprenaline again, bethanechol (1 uM) or histamine
(50 uM). The results are shown in Figure 4; SR 58611A
significantly reduced the response to the second exposure to
isoprenaline but tissues responded well to both histamine and
bethanechol.

Discussion

HEPES|O,-buffered preparations

When the serosal saline was buffered with HCO3/CO, in the
present study, the maximum response to isoprenaline was the
same as in the earlier study (Canfield & Price, 1981). How-
ever, the present study differed from the earlier in the introduc-
tion of HEPES/O, as serosal buffer. HEPES is the preferred
buffer as it permits acid secretion to be measured without the
complication of serosal bicarbonate being secreted by the
surface cells and neutralising part of the acid. With the
HCOj-buffered system, drug-induced changes in measured
acid secretion could be due to either changes in proton pump
activity, changes in HCOj flux or a mixture of both. Although
an exhaustive comparison of the preparation in the two
buffers has not been made, the results suggest that the lack of
an exogenous source of CO, in the HEPES-buffered tissues
does not impair the acid-secretory activity or responsiveness
of the tissue. Preparations responded to histamine and
bethanechol (Figure 4) as well as the p-adrenoceptor agonists

and responses to isoprenaline were well maintained (Figure 1).
Additionally, changing from HEPES/O, to HCO3/CO, buffer
containing the proton pump inhibitor SCH 28080 allows easy
measurement of both acid and base secretion by the same
preparation. The rate of bicarbonate secretion obtained in
this way was similar to the value reported with SCH 28080 in
guinea-pig stomach (Chiu er al., 1983).
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Figure 4 This shows the secretory response as secretory ratio
(plateau response to drug/preceding basal secretion) of rat stomach
in vitro bathed with a HEPES/O, buffered serosal saline in response
to drug treatments. Three experiments are shown (a, b and c); all
tissues were first exposed to isoprenaline for 60 min (5uM, open
columns). This was washed out and all were exposed to the ‘atypical’
B-adrenoceptor agonist SR 58611A for 60 min (1 uM, hatched col-
umns). Following washout of SR 58611A, tissues were exposed as
follows; (a) isoprenaline (5uM); (b) histamine (50 uM) and (c)
bethanechol (1 uM) for 60 min in each case. All values are mean with
s.e.mean shown by vertical bars and n = 6 in each experiment. The
second response to isoprenaline in (a) was significantly lower than
the first (P <0.05) in contrast to the situation in Figure 2.

Table 1 Effect of B-adrenoceptor antagonists on acid secretory response to isoprenaline and SR 58611A in rat stomach in vitro

Treatment Isoprenaline (5 uM) SR 586114 (1 pM)
Control 1.50 £ 0.02 1.53£0.07

+ Propranolol (10 um) 1.18 £ 0.03* 1.22 £ 0.06*

+ Alprenolol (10 pM) 1.49 £ 0.08 1.58 £0.04

+ Practolol (12.5um) + 1.56 £ 0.05 1.60 = 0.08

ICI 118551 (1 pum)

Tissues were preincubated with antagonist (except control) for 60 min before addition of isoprenaline. When response had plateaued,
isoprenaline was washed out and when secretion was steady, SR 58611A was added. Values are mean % s.e.mean of secretory ratio
(plateau response/initial basal secretion) and n =4 in each treatment. .

*P <0.05 compared with control.
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Effects of ‘atypical’ B-adrenoceptor agonists

The ‘atypical’ B-adrenoceptor agonists SR 58611A and
BRL 37344 were able to stimulate acid secretion to the same
maximum extent as isoprenaline. Responses to SR 58611A
and isoprenaline were unaffected by the selective
B-antagonists but were inhibited by propranolol as expected.
The lack of effect of alprenolol was surprising. This has been
reported to be particularly effective (but not selective for)
‘atypical’ B-receptors (Blue et al., 1988; 1990). In addition, in
another study in this laboratory in the in vitro stimulation of
bicarbonate secretion in rat caecum by isoprenaline and
SR 58611A, the same alprenolol stock solution inhibited the
responses at 10 uM (Canfield & Abdul-Ghaffar, 1992). This
may indicate that the ‘atypical’ B-adrenoceptors in the two
tissues are not identical but further studies will be necessary
to substantiate this, preferably with a selective antagonist.

The lack of effect of either isoprenaline or SR 58611A on
gastric bicarbonate secretion is consistent with the reported
lack of effect of B-adrenoceptor agonists on this activity
(Flemstrom, 1987) and contrasts with their stimulation of
bicarbonate secretion in rat duodenum (White & Canfield,
1985) and caecum (Abdul-Ghaffar & Canfield, 1990) and
bullfrog duodenum (Garner et al., 1984).

Desensitization following SR 58611 A

Following the first application of SR 58611A, tissues subse-
quently showed a very reduced response to either a second
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Analysis of the depressant effect of the endothelium on
contractions of rabbit isolated basilar artery to
5-hydroxytryptamine
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1 The effects of endothelium removal and of a number of pharmacological agents known to modify
endothelial cell function on the contractile response of rabbit isolated basilar arteries to 5-
hydroxytryptamine (5-HT) and other vasoconstrictors were studied.

2 Endothelium removal slightly reduced the contractile response to potassium chloride (40 mM) but
markedly augmented and potentiated contractions to 5-HT (1 nM—10 pM).

3 L-NC-nitro-arginine (L-NOARG, 1-30puM), an inhibitor of nitric oxide formation in vascular
endothelial cells, evoked endothelium-dependent contraction, and augmented and potentiated contrac-
tions to 5-HT in endothelium-intact but not endothelium-denuded tissues. Prior incubation with
L-arginine (1 mM), but not D-arginine (1 mM), abolished these effects of L-NOARG (1 pM). L-NOARG
(30 uM) also augmented contractions of endothelium-intact tissues to noradrenaline, prostaglandin F,,,
and to a lesser degree endothelin-1.

4 Neither glibenclamide (3 pM) nor N-ethylmaleimide (1 uM), putative inhibitors of the effects of
endothelium-derived hyperpolarizing factor (EDHF) and of agonist-stimulated endothelium-derived
relaxing factor (EDRF) release respectively, had any effect on either resting tension or the contractile
response to 5-HT. In some tissues indomethacin (3 uM), a cyclo-oxygenase inhibitor, produced a small
contraction and augmented the contractile response to 5-HT, but in most cases indomethacin was
without effect.

5 In endothelium-intact tissues precontracted with uridine 5'-triphosphate (UTP; 100 um), 5-HT did
not evoke relaxation but rather caused further contraction. Under the same conditions acetylcholine
(0.01-10 uMm) evoked endothelium-dependent relaxation.

6 These data demonstrate that the endothelium profoundly depresses contractions of rabbit isolated
basilar artery to 5-HT, and that this phenomenon can be fully accounted for by the release of an
L-NOARG-sensitive relaxing factor. Neither glibenclamide-sensitive EDHF nor cyclo-oxygenase pro-
ducts plays a major role. As we could find no evidence that S-HT stimulates the production of EDRF
per se, and L-NOARG caused endothelium-dependent contraction and augmented contractions to other
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vasoconstrictor agents, it seems likely that a basal release of EDRF underlies this phenomenon.
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5-Hydroxytryptamine; rabbit basilar artery; endothelium; nitric oxide; L-NS-nitro-arginine (L-NOARG); endothelin;

endothelium-derived hyperpolarizing factor (EDHF); glibenclamide; N-ethylmaleimide; indomethacin

Introduction

Several studies have shown that the presence of an intact
endothelial cell layer can profoundly depress the contractility
of certain isolated blood vessels to exogenous vasoconstrictor
agents. For example, Martin ez al. (1986) demonstrated that
removal of the endothelium augmented the contractile res-
ponse of rat aorta to a-adrenoceptor agonists. Primarily on
the basis that haemoglobin, an inhibitor of the effects of
endothelium-derived relaxing factor (EDRF), caused endo-
thelium-dependent contraction, and augmented contractions
to a-adrenoceptor agonists in endothelium-intact tissues,
Martin et al. (1986) proposed that a spontaneous release of
EDRF accounted for this depressent effect of the endo-
thelium. A similar conclusion was made by Connor & Feniuk
(1989) who showed that addition of methylene blue (another
inhibitor of the effects of EDRF) or removal of the
endothelium markedly augmented contractions of dog
isolated basilar arteries to 5-hydroxytryptamine (5-HT) and
other vasoconstrictors. The mechanisms underlying these
phenomena are, however, not yet fully understood.

! Author for correspondence.

Recent evidence strongly suggests that the chemical iden-
tity of EDRF is nitric oxide, or a related nitric oxide-
containing moiety (Palmer et al., 1987), and is formed by the
action of the enzyme nitric oxide synthase on the precursor
amino acid L-arginine (Palmer et al., 1988a). Importantly,
several close structural analogues of L-arginine are selective
inhibitors of the relaxant effects of EDRF and of vascular
endothelial cell nitric oxide synthesis, e.g. L-N®-monomethyl
arginine (L-NMMA) and L-NC-nitro arginine (L-NOARG)
(Palmer et al., 1988b; Moore et al., 1990; Mulsch & Busse,
1990). Both L-NMMA and L-NOARG evoke endothelium-
dependent contraction of vascular smooth muscle (Gold et
al., 1990; Moore et al., 1990; Mulsch & Busse, 1990) pro-
viding further evidence that blood vessels spontaneously
release EDRF. The detailed effects of these agents on con-
tractile responses of isolated blood vessels to exogenous
vasoconstrictors have not, however, been studied. Interest-
ingly, the sulphydryl alkylating agent, N-ethylmaleimide
(NEM), is reported to inhibit agonist-stimulated but not
spontaneously-liberated EDRF from cultured vascular
endothelial cells (Siegle et al., 1991), suggesting either that
there may be more than one EDRF, or that the cellular
mechanisms responsible for its formation and release are
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different. Finally, it has become clear that the endothelium
can also release another entity, considered chemically distinct
from nitric oxide, that hyperpolarizes vascular smooth mus-
cle, and which has been termed ‘endothelium-derived hyper-
polarizing factor’ (EDHF) (Taylor & Weston, 1988; Chen &
Suzuki, 1989). In rabbit cerebral arteries the hyperpolarizing
actions of acetylcholine-liberated EDHF are inhibited by the
potassium (K) channel blocker glibenclamide (Brayden,
1990), suggesting that EDHF may open glibenclamide-
sensitive K channels. The contribution (if any) that spon-
taneously liberated EDHF may make to the depressant effect
of the endothelium on contractions of blood vessels has yet
to be studied.

In preliminary experiments we observed that removal of
the endothelium markedly augmented contractions of rabbit
isolated basilar artery to 5-HT, as previously described by
Garland (1987). Using the currently commercially available
modulators of endothelial cell function (i.e. L-NOARG, L-
arginine, glibenclamide, NEM, indomethacin), we evaluated
the mechanisms underlying this phenomenon. In particular,
we examined the various contributions made by L-NOARG-
sensitive EDRF, EDHF and cyclo-oxygenase products, and
attempted to demonstrate whether such factors were released
as a direct result of an action of 5-HT on the endothelial cell,
or liberated spontaneously.

A preliminary account of some of this work has been
presented to the British Pharmacological Society (Trezise &
Weston, 1991).

Methods

Tissue preparation

New Zealand White and half-lop rabbits of either sex
(2-4.5 kg), obtained from the Manchester University Animal
Unit, were killed by injection of sodium pentobarbitone
(300 mgkg~') into an ear vein. The brain was removed,
placed in Krebs physiological salt solution (PSS; for the
composition see below), and the basilar artery dissected out
with the aid of a low power dissecting microscope. The artery
was then cleared of extraneous connective tissue and cut into
four ring sections of equal length (approximately 2 mm). In
some experiments the endothelium was removed mechanic-
ally by inserting a fine steel needle into the lumen of the
artery. Vascular rings were then mounted for the recording
of isometric force.

Force recordings

Each vascular ring was placed in a tissue bath of 8 ml
volume and suspended between two fine L-shaped wires
inserted into the lumen of the vessel. One wire was firmly
attached to the tissue bath and the other suspended on a
sensitive force transducer (Ether UF1), whose signal was
amplified (Grass 7P1) and recorded on a Grass Polygraph
(model 79C). Tissues were continually bathed in Krebs-PSS,
maintained at 37 £ 0.1°C by a Grant water circulator (model
W6), and gassed with 95% O,/5% CO,. In all studies tissues
were placed under a resting force of 3 mN, and after an
equilibration period of 45min, tension was readjusted to
2.9 mN. Fifteen min later 40 mM KCl was added to the bath
in order to assess the tissue viability. Once the contractile
response to KCl had reached a plateau, tissues were washed
by overflow with fresh PSS every 5min until responses
returned to baseline. After a further 30 min equilibration
period the integrity of the endothelium was assessed by
precontracting the tissue with either prostaglandin F,, (3 uM)
or uridine 5'-triphosphate (UTP, 100 uM) and examining the
relaxant response to the endothelium-dependent vasodilator
acetylcholine (10 uM). Tissues which relaxed by more than
40% or less than 10% to acetylcholine were considered
endothelium-intact and endothelium-denuded respectively.

Other tissues were discarded. Preparations were then washed
for 30 min or until the original baseline was reestablished.
Cumulative concentration-response curves to 5-HT were then
constructed in the presence of either L-NOARG (1 or 30 uMm),
glibenclamide (3 puM), indomethacin (3 uM) or N-ethylmale-
imide (1-10puM) following previous incubation with these
agents for 25 min. In some experiments tissues were exposed
to either L-arginine (1 mM) or D-arginine (1 mM) 10 min
before L-NOARG (1 pm). One vascular ring from each
animal received only the respective drug vehicle prior to
5-HT, thus acting as a control. Similar experiments were
performed with L-NOARG (30 uM) using the vasoconstrictor
agents prostaglandin F,, noradrenaline and endothelin-1.
One vasoconstrictor concentration-response curve only was
constructed in each tissue.

Statistical analysis

To minimize variation between tissues, vasoconstrictor-
evoked responses are expressed as a percentage of the con-
traction induced by KCl (40 mM). Data are expressed as
arithmetic mean * s.e.mean, or geometric mean with 95%
confidence limits (in parentheses) where appropriate. ECs,
values were calculated as the concentration of drug required
to elicit 50% of the maximal response, and E_,, values as the
maximal response of a tissue to a given drug. Statistical
comparisons were made either by Student’s ¢ test where two
groups were concerned, or an analysis of variance using
Duncan’s test for the case of multiple comparisons.
Differences between data were considered of significance
when P<<0.05.

Drugs and solutions

The composition of the PSS was as follows (mM): NaCl 115,
KCl 4.6, KH,PO, 1.2, MgSO, 1.2, CaCl, 2.5, NaHCO; 25
and glucose 11.1. The following drugs were used: endothelin-
1 (Cambridge Research Biochemicals, Cambridge U.K.), 5-
hydroxytryptamine creatinine sulphate (5-HT), acetylcholine
chloride, prostaglandin F,, tris salt, noradrenaline bitartrate,
L-NC-nitro-arginine (L-NOARG), L-arginine, D-arginine, N-
ethylmaleimide (NEM), glibenclamide, uridine 5'-triphos-
phate sodium salt (UTP) and indomethacin (all Sigma
Chemical Co., Poole, Dorset). All drugs were freshly
prepared each day. Drugs were dissolved and diluted in twice
distilled water, with the following exceptions: prostaglandin
F» and glibenclamide (10 mM in 100% ethanol), L-NOARG
(10 mM in 0.01 M HCI), NEM (10 mM in dimethylsulphoxide)
and indomethacin (10 mM in 0.5M sodium hydrogen car-
bonate solution). Drugs were administered to the organ bath
in volumes of between 5-80 pl to provide the required final
bath concentrations.

Results

The contractile response of rings of rabbit isolated basilar
artery to 40 mM KCl was smaller in endothelium-denuded
compared to endothelium-intact preparations (8.1 £ 1.1 mN
(n=20) compared to 11.8 £ 1.1 mN (n = 42); P <<0.05), sug-
gesting that the technique used to denude the endothelium
causes a small degree of damage to the smooth muscle. The
absolute magnitude of the contractile response to 5-HT was,
however, significantly larger in endothelium-denuded com-
pared to endothelium-intact preparations (9.0 + 1.6 mN com-
pared to 4.1 £ 0.8 mN; P<<0.05) and thus we do not think
that expression of the data as a percentage of the response to
KCI gives rise to any undue artefacts.

Pharmacological modulation of
S-hydroxytryptamine-induced contraction

5-HT-evoked concentration-related contractions of endo-
thelium-intact rings of rabbit isolated basilar artery with an



ECs, value of 126 nM (74-216, n = 12), and a maximal con-
tractile response of 34.7 £ 5.4%. Removal of the endothelium
both potentiated and augmented the contraction to 5-HT as
shown by the respective significant leftward shift in the res-
ponse curve yielding an ECs, value of 21.9 nM (16.2-29.5,
n=28; P<0.05), and increase in the maximal response to
108.4 £ 7.1% (P<<0.05, Figure 1).

In endothelium-intact tissues L-NOARG (30 uM)-evoked a
slowly developing contractile response (1.5 £ 0.4 mN, n = 22),
and augmented and potentiated the contractile response to
5-HT (ECs 26.3nM (15.8-43.6) and E., 111.8 £5.5%,
P<0.05 compared to the endothelium-intact control curve;
Figure 1). The effects of incubation with L-NOARG and
removal of the endothelium on the 5-HT concentration-
response curve were very similar. In endothelium-denuded
tissues L-NOARG (30 uM) was without effect on either rest-
ing tone or the contractile response to S-HT (ECs, 14.8 nM
(10.7-20.4) and E,,, 102.7 £ 8.9%; not significantly different
from endothelium-denuded control curve values; Figure 1).
At a lower concentration (1 uM) L-NOARG also evoked
contraction (0.5*0.2mN, n=12), and potentiated and
augmented the contractile response to 5-HT in endothelium-
intact tissues (ECs, 43.9nM (29.5-65.0) and E_,, 1122t
6.6%). These effects were abolished by prior incubation with
L-arginine (1 mM; ECs 203 nM (118-348) and E,,, 32.0%
7.3%, P<0.05 compared to endothelium-intact curve in the
presence of L-NOARG (1 uM); Figure 2). The stereospecific
nature of this effect was revealed by the fact that D-arginine
(1 mM) had no effect on the action of L-NOARG (EC;s,
75.8 nM (32.0-177) and E,,, 125.0 £ 16.0%; Figure 2).

Neither glibenclamide (3 uM) nor NEM (1 uM) altered rest-
ing tone or the contractile response to 5-HT in endothelium-
intact tissues (respective ECs, values of 56.2 nM (24.9-126)
and 56.5 nM (29.8-107) and E,,,, values of 47.7 £ 15.0% and
42.3 £ 11.6%; not significantly different from endothelium-
intact control curve; Figure 3). At a higher concentration
(10 pMm) NEM abolished the contractile response to 5-HT. In
most cases indomethacin (3 pM) had no effect on the resting
tone of endothelium-intact preparations, and the subsequent
5-HT concentration-response curves were similar to the
respective controls. However, in 2 out of 9 experiments
indomethacin caused contraction (1.8 mN, mean of n=2),
and markedly enhanced the contractile response to S-HT.
When taken together indomethacin had no overall significant
effect on the 5-HT concentration-response curve (ECs
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Figure 1 Effect of L-NC-nitro-arginine (L-NOARG, 30 uM) on the
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